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A. GENERAL INTRODUCTION 
A.1. MOLECULAR ORGANOCALCIUM COMPLEXES 
Already in the 19th century, organomain group metal chemistry was described by 
Frankland, a founding father of organometallic chemistry.[1] Despite his pioneering 
work, extreme sensitivity of the obtained compounds towards moisture, oxygen, and 
dihydrogen (what has been used as an inert atmosphere) slowed down further 
investigations.  
An outstanding breakthrough was Grignard’s discovery of organomagnesium 
halides [RMgX] and their application in organic synthesis (Nobel Prize 1912).[2] 
Attempts to prepare Grignard analogs of the heavier alkaline earth metals (calcium, 
strontium, barium) have been discouraged by the formation of unstable and poorly 
soluble products of unknown composition. These observations result from the 
following properties of group 2 metal organyls: Whereas the ionic radii of the M2+ 
centers (M = Mg, Ca, Sr, Ba) strongly increase descending the group,[3] 
electronegativities dramatically decrease. Dications M2+ of the alkaline earth metals 
resemble those of group 1 metals in their low charge/size ratios and are hard, 
nonpolarizable ions.[4] This is reflected by highly polarized metal carbon bonds. 
Additionally, oligomers with bridging ligands (neutral L or anionic X−) have been 
frequently observed. This leads to an increase of the coordination number and 
stabilization of the large metal centers. Polar solvents like ethers and amines are 
required for many organocalcium complexes. However, ether cleavage and Wurtz 
coupling side reactions have occasionally hindered detailed studies of their solution 
properties. 
 
 
 
Scheme A.1-1. Synthetical approaches towards organocalcium compounds. COT = 1,3,5,7-
cyclooctatetraene. 
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Organocalcium compounds (including amides and alkoxides) can be prepared by 
several synthetic approaches.[4,5] Representative examples are shown in Scheme A.1-1. 
Many methods utilize calcium metal (a-e), which typically has to be activated by 
evaporation or ammonolysis. Metal insertion (b) proved to be highly useful for the 
production of heteroleptic arylcalcium halides, [ArCaX].[5f,6] Salt metathesis reactions 
(f) produce organocalcium reagents in high yields and purity, as a result of the 
insolubility of KI in ethereal solvents. 
Isolation of heteroleptic complexes [CaR1R2] is complicated by ligand exchange 
reactions. These Schlenk-type equilibria result from decreasing M−C bond strengths in 
the series M = Mg > Ca > Sr > Ba. This counts especially for complexes bearing small 
anionic ligands (X−), such as hydrides and (pseudo)halides. The formation of insoluble 
homoleptic calcium compounds (e.g., [CaH2]∞) has to be avoided by introducing 
suitable ancillary ligands. These ligands are to increase solubility and should 
irreversibly bind to the calcium center.  
Stereoselective catalytic applications have a particular demand for a nonfluxional 
coordination sphere in proximity to the Lewis acidic metal center. Efforts have been 
undertaken to understand and manipulate Schlenk equilibration in calcium 
chemistry.[7,8]  
 
Organocalcium Compounds Bearing π-Bound Ligands as their Main Features 
Ligands with delocalized anionic charge are suitable for the stabilization of 
organocalcium complexes and can prevent ligand exchange reactions and formation of 
oligonuclear aggregates. 
Calcocene, [Ca(C5H5)2]∞, was intensely studied, but proved to form a three 
dimensional polymeric structure in the solid state.[9] The first structural investigation 
of a molecular di(cyclopentadienyl)calcium unit was enabled by permethylation of the 
Cp-ring to yield [Ca(C5Me5)2], which showed a bent Cp*-Ca-Cp* angle of ca. 147° (I, 
Chart A.1-1).[10]  
 
 
Chart A.1-1. Calcium complexes with π-bound ligands as their main features. Dipp = 2,6-
diisopropylphenyl.  
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A number of substituted Cp-calcium complexes have been reported, such as [Ca(η5-
C5H4Me)2(DME)],
[11] [Ca(η5-C5HiPr4)2],
[12] or [Ca{η5-C5H3-1,3-(SiMe3)2}2(THF)].
[13] 
An “open calcocene”, [Ca(η5-tBu2C5H5)2(THF)], with anti-ecliptic conformation of 
the pentadienyl ligands has been prepared by salt metathesis.[14] Variations of the Cp-
ligand also afforded calcium complexes of indenyl- and fluorenyl-type ligands.[15] The 
only allyl complex of calcium, [Ca{1,3-(SiMe3)2C3H3}2(THF)2], was reported by 
Hanusa et al. (II, Chart A.1-1).[16] This compound was characterized in the solid state, 
but detailed reactivity studies were hindered by its limited reactivity. The silylated 
dibenzylcalcium complex [Ca{α,α-(SiMe3)2C7H5}2(THF)2] was reported to show 
anionic charge delocalization from the benzylic carbon atom into the phenyl ring (III, 
Chart A.1-1).[17] As a consequence, calcium is coordinated to the benzylic, ipso-, and 
ortho-carbon atoms of the phenyl rings. A more distinct situation was found for 
[Ca(MeCPh2)(Dipp-nacnac)(THF)] (IV, Chart A.1-1, Dipp = 2,6-diisopropyl-
phenyl).[18] The solid state structure of IV showed no contacts between Ca2+ and the 
benzylic carbon atom in (MeCPh2)
−, but π-interactions were found exclusively. Such 
calcium π-interactions were proposed to play a key role in controlled styrene 
polymerization.[19] A recent report on the first isolated Ca(I) complex described 
interactions of the calcium centers with an extended π-system in dianionic 
triphenylbenzene (V, Chart A.1-1).[20] These findings demonstrate the pronounced 
tendency of calcium dications to coordinate ligands with charge delocalization. 
Chart A.1-2 summarizes nitrogen-based ligands with delocalized anionic charge of 
the types nacnac (a),[21] α-diimine (b),[22] (phospha)guanidinate (c),[23] formamidinate 
(d),[24] and triazenide (e).[24c,25] More recently, bis(imino)pyridine and 
bis(imino)acenaphthen have also been used as ligands in calcium complexes.[8a,26] 
Some coordination compounds of calcium with ligands a-e do not show calcium 
carbon interactions and will not be discussed in detail, as this would exceed the scope 
of this thesis. Exceptions will be made for compounds with significant relevance for 
catalysis (see below). The same accounts for calcium alkoxides.  
 
 
Chart A.1-2. Nitrogen-based ligands with delocalized anionic charge. 
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Organocalcium Compounds Bearing σ-Bound Ligands as their Main Feature 
Purely σ-bound ligands are less common in organoalkaline earth metal chemistry 
than those with π-interactions. [Ca{CH(SiMe3)2}2(dioxane)2], the first non-Cp 
complex of calcium, has been prepared by metal vapor reaction by Lappert et al..[27] A 
similar silyl stabilized complex [Ca{C(SiMe3)3}2] displayed a rare low coordination 
number of CN = 2 and a bent C-Ca-C angle of 149.7(7)° (VI, Chart A.1-3).[28] VI is 
the first solvent free σ-complex of calcium, what is mostly the result of steric shielding 
by bulky [C(SiMe3)3]
− ligands. The related complex [Ca{C(SiHMe2)3}2(THF)2] was 
obtained from salt metathesis and shown to undergo B(C6F5)3-mediated β-hydride 
abstraction yielding calcium borohydrides.[29] In many silyl substituted compounds, 
intramolecular contacts and agostic interactions have been observed. This is due to 
coordinative unsaturation of the calcium center in σ-complexes. 
 
Chart A.1-3. Calcium complexes with σ-bound ligands as main features. 
 
Acetylides of the heavy alkaline earth metals constitute another class of compounds 
with σ-carbanionic ligands. The first representative, [Ca(iPr4C5H)(µ-C≡CPh)(THF)]2, 
was described as a bridged dimer, supported by substituted cyclopentadienyl ligands 
(VII, Chart A.1-3).[7c] Ruhlandt-Senge et al. reported a monomeric crown ether adduct 
[Ca(C≡CSiPh3)2(18-crown-6)] which showed a bent C-Ca-C angle of 168.7(2)° in the 
solid state (VIII, Chart A.1-3).[30] Similar adducts [Ca(C≡CR)2(L)n] (R = 4-tBu-C6H4, 
L = 18-crown-6; R = tBu, L = THF) have been discussed in the context of non-VSEPR 
structures of alkaline earth compounds.[31] For (Dipp-nacnac)-substituted acetylide 
complexes of calcium, the monomer-dimer equilibrium was investigated. These 
complexes of the general formula [Ca(Dipp-nacnac)(C≡CR)] (R = nBu, tBu, Ph, 4-
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MeC6H4, ferrocenyl, OMe) have been exploited in the catalytic hydroacetylenation of 
1,3-di-isopropylcarbodiimide and the catalytic formation of 2,3,4-hexatriene by alkyne 
coupling.[23a,32] Catalytic activity of calcium acetylide [Ca(C5HMe4)(C≡CPh)(THF)]2 
in the polymerization of methyl methacrylate (MMA) has been reported by Schumann 
et al..[33] 
Group 1 and 2 metal silanide complexes have received some attention, but research 
focused mainly on the lighter congeners.[34] The only well-defined calcium compound 
[Ca{Si(SiMe3)3}2(THF)3] was reported together with strontium and barium analoga, 
but their reactivity was never investigated (IX, Chart A.1-3).[35] The rather exceptional 
calcium salt of 1,2,3,4-tetrakis(di-tert-butylmethylsilyl)tetrasilabicyclo[1.1.0]butan-
2,4-diide (X, Chart A.1-3) bears two Ca−Si bonds and was used in the generation of 
bicyclic silylene complexes.[36]  
Although amides, pyrazolates, alkoxides, and related derivatives of calcium will not 
be discussed, an exception is made for [Ca(HMDS)2(L)n] (HMDS = 
hexamethyldisilazide, (Me3Si)2N
−, L = THF, DME, py) as this calcium amide is 
widely used as starting material.[5b,37] Its isolation was achieved by various methods, 
such as direct metalation of (HMDS)H in ammonia saturated THF solutions,[38] in 
refluxing THF after co-condensation of calcium with toluene,[27,39] and by salt 
metathesis.[40,41] 
Whereas few examples are known for non-cyclic carbenes,[42] the introduction of 
NHC ligands opened up a larger variety of alkaline earth metal complexes.[43] The 
catalytic activity of bis- and tris(imidazolin-2-ylidene-1-yl)borate in hydroaminations 
was demonstrated.[43b,44] However, monodentate NHC ligands displayed a labile 
character in the presence of protic substrates and/or Lewis bases.[45] The influence of 
NHCs on charge distribution has recently been reported for heterobimetallic group 2 
bis(trimethylsilyl)amides.[46] 
 
 
A.2. HETEROLEPTIC COMPLEXES BEARING X− LIGANDS (X = H, F, CL, BR, I, 
OH, CN) 
The stabilization of small anionic ligands (X−) is an important issue demanding for 
appropriate ligands to saturate the coordination sphere of a calcium center. Because 
Schlenk-type equilibria result in the rapid formation of homoleptic species, the 
precipitation of salt-like products of the general formula [CaX2]∞ is frequently 
observed. Due to high lattice energies of [CaX2]∞ their formation has to be 
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circumvented by efficient kinetic stabilization. Although rational ligand design 
resulted in the isolation of various [RCaX] compounds, they constitute an 
underrepresented class of calcium complexes.  
 
Chart A.2-1. Calcium complexes bearing small, monoanionic ligands X−. 
 
The isolation of the first soluble calcium hydride compound [Ca(Dipp-nacnac)(µ-
H)(THF)]2 by Harder et al. was not only a milestone in the development of calcium-
based hydrogenation catalysts (XI, Chart A.2-1).[47] The applied ligand set also proved 
to stabilize other complexes with small anionic ligands.[21b] This led to a series of 
[Ca(Dipp-nacnac)(µ2-X)(THF)]2 complexes (X = F,
[48] Cl,[8d], I,[49] CN,[8d] NH2,
[8d] 
OH[50]), which were prepared by reactions of [Ca(Dipp-nacnac)(HMDS)(THF)] with 
appropriate X− sources (i.e., Me3SnF, [NEt3H][Cl], Me3SiCN, NH3, H2O) (XI, Chart 
A.2-1). Care had to be taken when Brønsted acidic reagents were used, as product 
mixtures and complete protonation of the calcium precursors have been obtained. One 
other Cl− bridged calcium complex was isolated by reduction of the chloro-
arsacyclopentadiene proligand with calcium metal.[51]  
Whereas well-defined nacnac complexes of calcium bromide remain elusive, the 
dimeric [{Ca(µ-Br)(THF)4}{BPh4}]2 was isolated from reaction of CaBr2 with 
NaBPh4.
[52] Iodido complexes of the type [Ca(Dipp-nacnac)(µ-I)(L)]2 (L = THF,
[49] 
Et2O
[53]) have been prepared by reactions of the proligand, CaI2 and K(HMDS) or of 
CaI2 with (Dipp-nacnac)potassium. Two related iodido complexes have been obtained 
by partial metathesis of CaI2 with potassium diketiminate or by comproportionation of 
the homoleptic calcium diketiminate with CaI2.
[54] A chain-like 
(I−Ca−I−Ca−I−Ca−I)2+ motif was observed when K(HMDS), CaI2 and a tetradentate 
modification of the nacnac ligand were reacted.[55] The described (Dipp-nacnac)-
supported calcium complexes share many features in the solid state, like the formation 
of (µ-X)− bridged dimers, containing one neutral donor ligand at each metal center.  
Heavy Grignard reagents [RCaX] are one other class of organocalcium halide 
complexes. Although early reports state the insertion of calcium into the carbon 
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halogen bond of various organohalides, the proposed products have never been 
isolated or characterized as such. Frequently faced problems are the inertness of 
calcium metal, ether cleavage, Wurtz coupling and disproportionation reactions.[56] 
Arylcalcium iodides have been thoroughly investigated by Westerhausen et al..[5f,g,57] 
The synthetical approach involved calcium activation through ammonolysis, addition 
of THF to the dried calcium powder and working at lowered temperatures to minimize 
side reactions. Whereas aryliodides easily insert calcium, the obtained yields decrease 
for arylhalogenides in the order I > Br >> Cl.[5g] Arylcalcium iodides display ligand 
exchange in solution. These Schlenk-type equilibria are sensitive to the solvent: 
heteroleptic [CaPhI(THF)4] (XII, Chart A.2-1) is favored in THF, whereas homoleptic 
[CaPh2(THF)4] and [CaI2(THF)4] are favored in Et2O. Several strategies for their 
preparation and isolation revealed a distinct tendency for the formation of polynuclear 
complexes, some of which bear µ-Ph bridges.[57a] Substituent effects on the arylhalides 
as well as degradation pathways of heavy Grignard reagents have been investigated to 
some extent and resulted in the isolation of calcium clusters with interstitial oxides 
(XIII, Chart A.2-1).[5f] 
 
A.3. ORGANOCALCIUM COMPLEXES FOR CATALYTIC APPLICATIONS 
The young field of calcium-based catalysts has just begun unfolding and the first 
review on this topic was recently published.[5h] As typical for catalytic turnovers, 
thermodynamic sinks of any intermediates have to be avoided. This issue receives an 
enhanced attention for calcium catalysts. This is because many catalytic 
transformations involve amides or alkoxides which can lead to poorly soluble and 
inactive calcium compounds (as was discussed above).  
 
Ring Opening Polymerization of Cyclic Esters and Acrylates 
The simple amide complex [Ca(HMDS)2(THF)2] was shown to effect ring opening 
polymerization (ROP) of ε-caprolactone (ε-CL) and L-lactide (L-LA).[58] The latter 
monomer was polymerized in a living manner after addition of iPrOH to the amide 
precursor.[59] Well-defined alkoxides of magnesium, calcium, and zinc, were prepared, 
characterized and compared by Chisholm et al..[8b,f,60] Drawbacks in L-LA 
polymerization were ascribed to aggregation and ligand scrambling, an issue that has 
been overcome with a tridentate scorpionate ligand. Borohydride complexes of 
calcium were introduced by Mountford et al. and produced heterotactic-rich 
polylactides (PLA) when supported with tris(pyrazolyl)methyl ligands.[61] Tridentate 
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Schiff-base ligands have been introduced to [Ca(HMDS)2] and [Ca(OMe)2] complexes 
and used in the homo- and (block)copolymerization of LA and trimethylene carbonate 
(TMC).[62] Similar calcium salen complexes catalyzed ROP of TMC after activation 
with ammonium salts [R4N]
+[X]− (X = Cl, Br, N3) and formation of a single-site 
catalyst.[63] Dimorpholin substituted phenoxides[64] and ethylene diamine bridged 
phenoxides[40] of calcium were also shown to be highly active in the ROP of cyclic 
esters. Carpentier and Sarazin reported on a series of monocationic alkaline earth 
metal complexes that were stabilized by macrocyclic ligands and allowed for the 
controlled immortal ROP of L-LA.[65] Calcium complexes with cyclen-derived 
(NNNN) macrocyclic ligands have been reported to yield syndiotactic-rich PLA from 
meso-LA and isotactic-rich PLA from rac- and L-LA.[66] 
The polymerization of MMA has already been reported for CaCp2 and CaCp*2, 
although with contrary results concerning the enrichment of syndiotactic PMMA.[67] 
Calcium acetylide [Ca(C5HMe4)(C≡CPh)(THF)]2 gave high yields of PMMA at 
−78 °C and with AlEt3 as a cocatalyst.
[33] Hanusa et al. tested allyl-type complexes of 
the alkaline earth metals, ytterbium, and samarium in the polymerization of MMA and 
described excellent results for calcium and strontium catalysts.[68] 
 
Polymerization of Styrene 
A study on ligand design and tacticity control in styrene polymerization has been 
reported by Harder, Knoll and Brintzinger.[15b,69] Homoleptic benzyl complexes were 
active in the living polymerization of styrene.[17,70] Heteroleptic calcium half-sandwich 
complexes led to an increased stereocontrol in living styrene polymerization and bulky 
substituents at the fluorenyl ligands resulted in syndioselective polymerization.[15a,c,19] 
Polymerization of unactivated alkenes as well as of epoxides has so far not been 
reported.  
 
Hydroamination and Hydrophosphination 
The heteroleptic complex [Ca(Dipp-nacnac)(HMDS)(THF)], originally introduced 
for LA polymerization,[60b] was found to catalyze intramolecular hydroaminations.[71] 
These initial observations led to several reports by Hill,[44,72] Roesky,[73] Tamm,[73c] and 
Harder.[74] Active catalysts are of the type [Ca(X)(HMDS)(L)n] (X = nacnac, 
aminotroponate, aminotroponiminate, triazenide, ansa-cyclopentadienyl amide, bis- 
and tris(imidazolin-2-ylidene-1-yl)borate). Common features of the stabilizing ligands 
are polydenticity, charge delocalization and heteroatomic donor sites. Some 
hydroamination catalysts were reported to be also active in the catalytic 
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hydrophosphination of olefins.[75] Reports on intermolecular hydroamination of C=C 
double bonds suggest a positive effect for electron poor double bonds and increased 
reaction rates for primary amines. The observed preference for 2,1-insertion was 
explained by the stability of the benzylic intermediates, as confirmed by DFT 
methods.[76] Hydroamination and hydrophosphination of activated C=N double bonds 
concentrated on carbodiimides or isocyanates as subtrates, resulting in the formation of 
(phospha)guanidine and urea derivatives.[23b,c,e,77] Although hydroamination is one of 
the most studied catalytic applications in organocalcium chemistry,[78] enantioselective 
hydroaminations remain difficult.[74]  
 
Hydrosilylation and Hydrogenation 
A comparative study on calcium benzyl complexes revealed their activity in catalytic 
hydrosilylations of conjugated double bonds.[79] It was suggested that the initial 
formation of a metal hydride species is followed by either generation of calcium 
silanide species under H2 elimination, addition to an alkene, or to a silane. The latter 
pathway generates ion pairs of the type [M(X)]+ [R4SiH]
−
 (M = alkaline earth metal), 
containing hypervalent hydridosilicates. These distinct pathways result in different 
regioisomers of the hydrosilylation products and can be controlled by the choice of 
solvent polarity. For the hydrosilylation of ketones experimental observations imply 
the necessity of hypervalent hydridosilicates, rendering the calcium cation to play a 
spectator role.[80] 
The only well-defined and structurally characterized calcium hydride complex 
[Ca(Dipp-nacnac)(µ-H)(THF)]2 was reported by Harder et al. and is highly active in 
catalytic hydrogenation reactions.[18] Together with benzyl complexes of calcium and 
strontium, these compounds are the first non-transition metal catalysts for alkene 
hydrogenation.[5h] The stoichiometric reaction of [Ca(Dipp-nacnac)(µ-H)(THF)]2 with 
diphenylethylene (DPE) allowed for the isolation of deep red [Ca(MeCPh2)(Dipp-
nacnac)(THF)]. This compound (isolated or in situ generated) was converted to the 
hydride complex with concomitant release of diphenylethane. A slow rate for 
heterolytic cleavage of H2 required for high H2 pressures (20 bar) and thorough 
stirring. Polar conditions (THF) accelerated catalytic hydrogenations, but also 
enforced oligomerization side reactions. Hydrogenation of olefins with benzylcalcium 
complexes proved successful under more forcing conditions.[5h]  
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Organic Reactions 
Great achievements of group 2 metal compounds in organic synthesis have been 
reported. Although catalysts were usually generated in situ from easily available 
calcium sources and suitable proligands, high yields and enantioselectivities were 
obtained. Noyori et al. introduced the first chiral calcium alkoxides for asymmetric 
Aldol reactions which proceeded with enantioselectivities up to 91% ee.[81] Ca(OiPr)2 
with an excess of chiral binaphthol produced an active catalyst for the asymmetric 
Baylis-Hillman reaction.[82] Kobayashi et al. presented chiral calcium complexes for 
the highly asymmetric addition and [3+2] cycloaddition of α-amino acid derivatives to 
α,β-unsaturated carbonyl substrates.[83] The catalytically active species were obtained 
from calcium isopropoxide and chiral bisoxazoline (BOX) ligands. Similar catalyst 
systems were successfully employed in the selective addition of sulfonylimidates to 
imines and Mannich-type reactions.[83a] After application of in situ generated calcium 
binaphtholates in asymmetric Aldol reactions,[84] related catalysts were used for 
catalytic asymmetric Michael reactions.[85] A combination of alkaline earth 
triflimidates, M(NTf2)2, with ammonium hexafluorophosphates effectively catalyze 
Friedel-Crafts alkylations, hydroarylations as well as aminations and allylations of π-
activated alcohols.[86]  
All calcium complexes that have been reported to catalyze organic reactions were 
prepared in situ and with odd stoichiometry. Hence, the true nature of these catalysts 
and the origin of enantioselectivity remain unknown.[5h]  
 
A.4. SCOPE OF THIS THESIS 
Many recent reports are evidence of unexpected observations and promising 
catalytic features of organocalcium compounds. Preliminary studies regarding 
properties and applications hint at a rich chemistry that may compete with long known 
transition metal systems. Because of this and the global demand for alternatives to 
noble metal catalysts, further investigations are needed to develop environmentally 
benign, cheap, and non-toxic reagents of calcium.  
With the exception of one allylcalcium complex, which showed low reactivity,[16] no 
information is available for this class of compounds. The present work focuses on the 
preparation, coordination properties, and reactivity patterns of allylcalcium 
compounds. Examples for catalytic reactions of the resulting calcium compounds are 
given to evaluate the scope of applications. 
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Chapter B.1. describes the isolation of 1-alkenyl calcium complexes and their 
structural properties in solution and in the solid state. Model reactions with carbonyls 
and I2 are discussed to evaluate the basic reactivity of bis(allyl)calcium towards 
electrophiles. The isolation of alkylcalcium, [Ca(CH2SiMe3)2(THF)], is briefly 
described. 
 
Chapter B.2. deals with the coordination chemistry of bis(allyl)calcium in the 
presence of (aza)crown ethers. Additionally, decomposition reactions of the obtained 
adducts are described, illustrating the Brønsted basicity of allylcalcium complexes. 
 
Chapter B.3. reports on reactions of bis(allyl)calcium with Brønsted and Lewis acids 
and in situ generated allylcalcium monocations. A brief comparison of the activity in 
α-olefin polymerization is given. 
 
Chapter B.4. focuses on the reactivity of bis(allyl)calcium towards pyridine and 
furan derivatives. A series of insertion and C−H bond activation products was isolated 
from reactions with N-heteroarenes and is discussed in the context of basicity and 
nucleophilicity. The behavior towards furans is discussed on the basis of NMR data. 
 
Chapter B.5. describes the reactivity of allylcalcium complexes towards dihydrogen 
and other hydrogenating agents. Special emphasis is devoted to the isolation and 
hydrogenation catalysis of a cationic calcium hydride cluster. 
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B. RESULTS AND DISCUSSION 
B.1. HOMOLEPTIC 1-ALKENYL COMPLEXES OF CALCIUM SUPPORTED BY 
NEUTRAL O-DONOR LIGANDS 
B.1.1. Introduction 
The allyl group is an important ligand in organometallic chemistry, a key fragment 
in homogeneous catalysis, such as 1,3-diene transformations, as well as a valuable 
functional group in organic synthesis.[1,2] Allylic derivatives of the s-block metals have 
been known for many years, but convenient methods for the preparation and isolation 
of heavy alkaline earth metal complexes are still to be developed, since the precursors 
tend to undergo coupling reactions and are extremely sensitive.[3,4] The preparation of 
potassium compounds bearing various allylic ligands has been described by Schlosser 
et al..[5] However, the resulting products were usually not isolated but identified after 
reactions with electrophiles. 
Thus, most homoleptic allyl complexes of group 2 metals are, if at all isolated in 
high purity, only poorly studied. The lightest congener of this class, 
bis(allyl)beryllium, was reported to form by reaction of diethylberyllium with 
tris(allyl)borane and is oligomeric in the absence of donor molecules, such as THF.[6] 
The only structurally characterized allylic beryllium compound [Be{1,3-(SiMe3)2-
C3H3}2(Et2O)] was recently reported by Hanusa et al. (Figure B.1.1-1 a)).
[7] 
Homoleptic bis(allyl)-,[8] bis(n-butenyl)-,[8f,9] and bis(i-butenyl)[8f,9c,10] magnesium 
compounds have been known for decades. They are often used in situ after their 
formation by addition of 1,4-dioxane to the allyl Grignard reagents and subsequent 
removal of the precipitated magnesium dihalides.[11] Isolation and structural 
characterization were performed only occasionally.[8g,12] 
The use of bulky, silylated allyl ligands[13] allowed for the isolation of [Ca{1,3-
(SiMe3)2-C3H3}2(THF)2]
[14] and the strontium and barium complexes [Sr{1,3-(SiMe3)2-
C3H3}2(THF)2] and [K(THF)Ba2{1,3-(SiMe3)2-C3H3}5]∞ (Figure B.1.1-1 d) and e)).
[15] 
The formation of the heterometallic barium compound was ascribed to the larger ionic 
radius of hexacoordinated Ba2+ (1.35 Å) compared to Ca2+ (1.00 Å) and Sr2+ (1.18 Å), 
similar to the ionic radius of hexacoordinated K+ (1.38 Å).[16] The homometallic 
bis(silylallyl)barium complex has not been reported. 
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Although not isolated, heteroleptic allylbarium derivatives were studied by 
Yamamoto et al. after in situ preparation from freshly generated barium metal and 
allylic chlorides. For allylbarium compounds, unusually high α/γ and E/Z selectivities 
were observed upon reaction with carbonyl compounds.[17] Other alkaline earth metal 
compounds bearing allylic ligands have been reported in patents.[18] 
 
 
Figure B.1.1-1. Allyl complexes of the alkaline earth metals. 
 
B.1.2. Results and Discussiona 
(1-Alkenyl)calcium Complexes 
Although synthetic procedures for the preparation of allylpotassium, [K(C3H5)] (1), 
(1-butenyl)potassium [K(C3H4-1-Me)] (2), (isobutenyl)potassium [K(C3H4-2-Me)] (3), 
and (1-hexenyl)potassium [K(C3H4-1-nPr)] (4) have been described earlier, isolation 
of these highly sensitive compounds was not reported.  
As a modification of the synthesis of allylpotassium (1) by Schlosser et al., the 
multi-gram-scale preparation for 1 was documented.[19] The latter procedure consists 
of condensation of propene onto a stirred suspension of KOtBu and addition of 
equimolar amounts of LinBu to furnish the formation of “Schlosser’s Base”. After 
stirring for appropriate time at appropriate temperature, pure [K(C3H5)] is obtained 
after washing with pentane and drying under reduced pressure. The same method was 
used in this work to isolate the corresponding potassium compounds from 1-butene, 
                                                           
a: All DFT calculations in this chapter were performed by L. Perrin and L. Maron. Published parts of 
this chapter: 1) P. Jochmann, T. S. Dols, T. P. Spaniol, L. Perrin, L. Maron, J. Okuda, Angew. Chem. 
Int. Ed. 2009, 48, 5715–5719. 2) P. Jochmann, S. Maslek, T. P. Spaniol, J. Okuda, Organometallics 
2011, 30, 1991-1997. 
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isobutene, and 1-hexene (Scheme B.1.2-1). Subsequent metathesis reactions with 
anhydrous CaI2 in THF resulted in formation of bis(allyl)calcium (5), bis(1-
butenyl)calcium (6), bis(2-methylallyl)calcium (7), and bis(1-hexenyl)calcium (8) 
(Scheme B.1.2-1). 
 
Scheme B.1.2-1. Preparation of allylic potassium and calcium compounds of propene, n-
butene, i-butene, and n-hexene. 
 
Isolation of Bis(allyl)calcium [Ca(C3H5)2] (5) and Perdeuterated Bis(allyl)calcium 
([D10]5) 
Bis(allyl)calcium (5) was obtained as an off-white powder in quantitative yield by 
salt metathesis of anhydrous CaI2 with two equivalents of K(C3H5) in THF. Like the 
following substituted 1-alkenyl complexes of calcium, the parent compound 5 is 
insoluble in hydrocarbons. This is most likely due to its polymeric nature in the solid 
state. The 1H NMR spectrum of 5 in [D8]THF at room temperature is depicted in 
Figure B.1.2-1 and shows a doublet at 2.32 ppm (3JHH = 12.0 Hz) and a quintet at 
6.28 ppm (3JHH = 12.0 Hz). These resonances are assigned to the terminal methylene 
protons and to the internal methine proton of the allyl groups. The observed coupling 
constant 1JCH for the terminal allylic carbon atoms is 147.8 Hz. This value is similar to 
C,H coupling constants reported for allyllithium (1JCH = 146.5 Hz) and allylsodium 
(1JCH = 149.5 Hz), but larger than the value for allylmagnesium bromide (
1
JCH = 
135.5 Hz), indicating a greater contribution of s orbitals.[20]  
Heating a solution of 5 in [D8]THF to 60 °C for 4 h did not result in any 
decomposition or ether cleavage reactions. After the temperature was decreased to 
−80 °C, the doublet split into two doublets of different coupling constants and the 
quintet into a triplet of triplets. This observation implies the inequivalence of the 
terminal cis and trans protons at lower temperatures. 
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Figure B.1.2-1. 1H NMR spectrum of bis(allyl)calcium (5) in [D8]THF (*) at 25 °C. 
As the η3-bonding mode is the only one observed even at −80 °C, the π-σ-π 
rearrangement of the allyl ligands proceeds with extremely low activation energy or 
does not occur. In the solid state, 5 decomposes at ca. 225 °C, as observed by DSC. 
The perdeuterated analog of 5 can be prepared by the same synthetic procedure 
starting from [D6]propene. The experimental setup was modified to avoid the loss of 
gaseous [D6]propene. The differences were: i) very short tubing for gas transfer was 
installed, ii) instead of mounting a reflux condenser, the reaction was carried out in a 
closed Schlenk flask, iii) only a slight excess of [D6]propene was used.  
 
Isolation of [Ca(C3H5)2(triglyme-κ
4)] (9) 
Addition of one equivalent of triglyme to a THF solution of 5 provided block-like 
single crystals of the triglyme adduct 9, suitable for X-ray analysis. NMR spectra of 9 
in [D8]THF at room temperature correspond to the signals for 5 and free triglyme. At 
ca. −75 °C coordination of triglyme to the metal center results in restricted 
conformational flexibility and to the observation of two broad 1H NMR signals for all 
CH2 groups in triglyme.  
Compound 9 crystallizes in the monoclinic space group P21/n (No. 14). The solid 
state structure of adduct 9 (Figure B.1.2-2) shows a coordination geometry derived 
from a pentagonal bipyramide with a vacant site in the equatorial plane. The other four 
equatorial positions are occupied by oxygen atoms, and the allyl ligands occupy the 
apical positions in a trans arrangement. The allyl ligands can be regarded as being 
coordinated to the metal center in an η3-fashion. The central carbon atom of one allyl 
ligand (C5) is refined with two split positions without any restraints. The angles C2-
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Ca-C5A of 149.86(6)° and C2-
carbon carbon bond lengths in t
C1−C2 and 1.369(2) Å for C2−C3, indicating charge delocalization, as was reported 
for the 1,3-disilylated analog [Ca{C
length is 2.72 Å (including the disordered positions), and the angle C1
129.10(14)°. 
Figure B.1.2-2. Molecular structure of compound 
are shown at the 50% probability level. Hydrogen atoms omitted for clarity. Only one set is 
shown for the split positions of C5. Selected bond lengths (Å) and angles (°): Ca
2.7127(13); Ca−C2, 2.6708(12); Ca
Ca−O1, 2.4744(9); C1-C2-C3, 129.10(14)
 
Similar bond parameters have been
metals.[22] In contrast, the allyl group is 
metal to ligand distance in 9 is slightly larger than in [Ca{C
about the same as documented for the distance between the 
CaCp2 (average 2.80 Å).
[24] The average Ca
somewhat larger than the observed C
(2.353(2) Å).[14] 
A comparison of bonding parameters found for structurally characterized 
allylcalcium complexes is given in 
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Ca-C5B of 146.64(10)° deviate from linearity.
he nondisordered allyl ligand are 1.3886(18)
3(SiMe3)2H3}2(THF)2].
[14] The average Ca
 
9 in the solid state. Displacement
−C3, 2.8459(14); C1−C2, 1.3886(18); C2
; O1-Ca-O4, 162.85(3). 
 reported for allyl complexes of the alkali 
η
1-bonded in allylmagnesium chloride.
3(SiMe3)2H3}
η
5-Cp rings and calcium in 
−O bond length is 2.4
−O distance in [Ca{C3(SiMe3)
Table B.1.2-1. 
s 
[21] The 
 Å for 
−C bond 
-C2-C3 is 
 ellipsoids 
−C1, 
−C3, 1.369(2); 
[23] The 
2(THF)2], and 
 Å, which is 
2H3}2(THF)2] 
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Table B.1.2-1. Comparison of bonding parameters in structurally characterized allylcalcium 
complexes. 
Compound Ca−C(π) 
range / Å 
C−C (π allyl) 
range / Å 
Ca−O 
range / Å 
C(sp)-Ca-C(sp) 
/ ° 
[Ca(C3H5)2(triglyme)] (9)
a
 2.6396(19) 
2.8466(14) 
1.312(3) 
1.3892(19) 
2.489(9) 
2.5035(9) 
149.86(6) 
146.64(10) 
[Ca(C3H4-1-Me)2(triglyme)] (10)
a
 2.620(3) 
2.884(6) 
1.283(12) 
1.507(14) 
2.479(2) 
2.529(2) 
144.81(18) 
152.0(2) 
[Ca(C3H4-2-Me)2(triglyme)] (11) 2.6760(15) 
2.7555(13) 
1.377(2) 
1.390(2) 
2.5015(10) 
2.5512(10) 
142.25(5) 
[Ca{C3(SiMe3)2H3}2(THF)2]
[14] 2.648(3) 
2.652(3) 
1.402(4) 
1.387(4) 
2.353(2) 115.5 
a: Disorder of one allyl ligand was observed in the solid state structure. 
 
Reaction of Bis(allyl)calcium with CO2 and Carbonyl Compounds 
The reaction of 5 with carbon dioxide (1 bar) resulted in the rapid formation of the 
insertion product calcium but-3-enoate (Scheme B.1.2-2). This result illustrates the 
expected high reactivity towards electrophilic substrates such as CO2.  
 
 
Scheme B.1.2-2. Reaction of bis(allyl)calcium with CO2. 
 
Conversion of 5 with 2 equivalents of acetone in [D8]THF resulted in proton 
resonances, which are indicative of insertion and deprotonation products in an 
approximate 1:1 ratio. The keto-enol tautomerism of acetone is regarded to be the 
reason for both reactions to occur (Scheme B.1.2-3). However, the 1H NMR spectrum 
displays broad signals in addition to minor unidentified resonances and no efforts were 
undertaken to reveal the nature of the product mixture. 
 
 
Scheme B.1.2-3. Vinyloxide and homoallyloxide ligands from the deprotonation and insertion 
reaction of 5 with acetone. m ≤ 2, n ≤ 2, m+n = 2. 
Conversion of 5 with 2 equivalents of benzophenone in [D8]THF resulted in a color 
change to deep blue, indicating the presence of the ketyl radical. The proton NMR 
spectrum revealed full conversion of the reactants and the presence of 3 inequivalent 
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σ-bound allyl moieties. The methine resonances (δ = 6.01 (m), 5.87 (m), 5.71 
(m) ppm) give integrals in a ratio of 1.0:0.3:3.9. No efforts were undertaken to reveal 
the nature of this product mixture. 
 
Figure B.1.2-3. Reactions of bis(allyl)calcium (5) with benzophenone and 9-fluorenone and 
proposed products from allylation and electron transfer reactions. 
 
Conversion of 5 with 2 equivalents of 9-fluorenone in [D8]THF resulted in a color 
change to dark brown, indicating the presence of the ketyl radical. One signal pattern 
can be attributed to a σ-allyl substituent in the 1H NMR spectrum (δ = 5.41 (m, CH), 
4.69 (dd, 2JHH = 2.4 Hz, 
3
JHH = 17.3 Hz, CH2
trans), 4.60 (dd, 2JHH = 2.5 Hz, 
3
JHH = 
10.3 Hz, CH2
cis), 2.78 (d, 3JHH = 7.0 Hz, CH2) ppm). Multiple broad signals of 
unidentified species were observed in the aliphatic, olefinic and aromatic region. No 
efforts were undertaken to reveal the nature of this mixture. 
The reaction behavior of 5 towards benzophenone and 9-fluorenone cannot be 
discussed in detail because all observations are ambiguous. Comparison to the addition 
of Grignard Reagents to carbonyls shows that two scenarios are possible: i) polar 
addition by transfer of the carbanion to the carbonyl carbon atom, and ii) single 
electron transfer (SET) from the organometallic reagent to the carbonyl moiety. 
Whereas the polar mechanism is commonly believed to operate, recent studies have 
shown that SET mechanisms are feasible for many transformations including s-block 
metal organyls.[25] The formation of radical species via SET is suggested by the color 
of the reaction solutions, indicating ketyls of benzophenone (blue) and 9-fluorenone 
(brown). Formation of other products from polar addition reactions (Figure B.1.2-3) 
seems likely. 
 
 
 
Homoleptic 1-Alkenyl Complexes of Calcium Supported by Neutral O-Donor Ligands 
 
 23   
Isolation of (1-Butenyl)potassium [K(C3H4-1-Me)] (2) and Bis(1-butenyl)calcium 
[Ca(C3H4-1-Me)2(THF)0.15-0.25] (6) 
Starting from 1-butene, (1-butenyl)potassium (2) was obtained as an orange powder 
in 77% yield and converted to bis(1-butenyl)calcium (6) in 94% yield (Scheme 
B.1.2-1). 6 contains small amounts of THF (0.15-0.25 molecules per calcium). 
Attempts of drying at 4·10−2 mbar for 24 h led to complete decomposition. 
Noteworthy, 2 displays the lowest stability in THF solution (t1/2 = 1.5 h), compared to 
all potassium precursors prepared. 2-Butene was identified to be the major 
decomposition product. No effort was made to further investigate the detailed 
mechanism of this degradation reaction.  
Stoichiometric conversion of 2 with CaI2 resulted in a product which contained 
unreacted CaI2, most likely due to decomposition of 2 prior to reaction. An empirically 
determined excess of 2.6 equiv [K(C3H4-1-Me)] (2) per formula unit calcium had to be 
used to obtain product 6 free of K+ and I−.[26] For 6, contamination with iodide and 
potassium had to be checked for every individual batch. 
Given the unsymmetrical substitution pattern of the ligand, endo/exo isomerism of 
the trihapto 1-methylallyl anion was observed in the NMR spectra recorded in 
[D8]THF at room temperature (Scheme B.1.2-4). As reported earlier, potassium 
derivative 2 displays almost exclusively the endo stereoisomer in the 1H and 13C NMR 
spectrum (see below for discussion).[27] The exo isomer could only be observed in 
trace amount (≤ 1%). In contrast, two sets of broad proton signals can be observed for 
the η3-bound allyl ligands in calcium complex 6. Since unambiguous assignment of 
endo and exo proton signals can only be made from their coupling constants, the ratio 
of endo/exo = 60:40 was determined from integration of the corresponding 13C NMR 
signals, which can be distinguished by their chemical shifts.[27,28] 
 
 
Scheme B.1.2-4. Schematic representation of the endo/exo isomerism in unsymmetrically 
substituted allyl ligands. 
 
1H and 13C NMR analysis of 2 and 6 gave similar spectra, consistent with an η3-
coordination mode of the butenyl ligands (Figure B.1.2-4). The 1H NMR resonances 
observed at 6.14 (Hβ), 2.49 (Hγ), 1.86 (Hαcis), and 1.60 ppm (Hαtrans) for 2 and at 5.95-
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6.19 (Hβ), 3.15-3.35 (Hγ), 1.53 ppm (Hα) for 6 experience a strong downfield shift for 
the γ position of the allyl fragment when going from the potassium to the calcium 
derivative. This was also observed in the 13C NMR spectrum, wherein the CHγ signal 
is shifted from 62.42 (2) to ~77 ppm (depending on the endo or exo isomer of 6). A 
downfield shift for more electronegative metals is not surprising, but regarding the 
comparable chemical shifts for all other positions, it is remarkable that it is the 
(alkylated) γ position experiencing the strongest electronic effect. Additionally, the 
terminal CH2 groups in 6 give rise to only one broad signal. This may be the result of a 
dynamic behavior in solution and overlapping of the corresponding endo/exo 
resonances for the calcium derivative. Contrarily, 2 displays inequivalent protons Hαcis 
and Hαtrans. 
 
Figure B.1.2-4. 1H NMR spectrum of 1-butenyl complexes of potassium (2) and calcium (6) 
in [D8]THF (*) at 25 °C. $ denotes impurities of butene (isomers). 
 
These two main differences in the NMR spectra, namely the pronounced downfield 
shift for the substituted γ position and the equivalence of the terminal methylene 
protons were also observed for calcium compounds 7 and 8 (see below). The 
potassium precursors 3 and 4 display clearly distinguishable terminal CH2 protons. 
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Isolation of [Ca(C3H4-1-Me)2(triglyme-κ
4)] (10) 
When a concentrated solution of 6 in THF was cooled to −35 °C in the presence of 
1.2 equiv of triglyme, few single crystals of [Ca(C3H4-1-Me)2(triglyme-κ
4)] (10) were 
obtained in low yield and used for X-ray diffraction analysis. Similar to 
[Ca(C3H5)2(triglyme-κ
4)] (9), the 1H NMR spectrum of 10 shows resonances for free 6 
and slightly downfield shifted resonances for triglyme.  
 
Figure B.1.2-5. Molecular structure of compound 10 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. Only 
one set (52% probability) is shown for the split positions of C5A-C8A. Selected bond lengths 
(Å) and angles (°): Ca1−C1, 2.620(3); Ca1−C2, 2.690(3); Ca1−C3, 2.884(3); Ca1−O1, 
2.487(2); Ca1−O3, 2.529(2); C1−C2, 1.397(4); C2−C3, 1.363(4); C3−C4, 1.506(4); C2-Ca1-
C6A, 144.81(18); O1-Ca1-O3, 165.56(7); C1-C2-C3, 130.6(3). 
 
Compound 10 crystallizes in the monoclinic space group C2/c (No. 15). The 
molecular structure of 10 in the solid state is depicted in Figure B.1.2-5 and can be 
described as a strongly distorted pentagonal bipyramide with a vacant site in the 
equatorial plane. Carbon atoms C5 to C8 were refined with two split positions without 
any restraints. Figure B.1.2-5 depicts a molecule with approximate Cs symmetry and 
with the butenyl ligands bonded through opposite enantiofaces. The observed disorder 
of one of the butenyl ligands also allows for the more common C2 symmetrical 
coordination mode. Whereas the oxygen atoms occupy the remaining four positions of 
the equatorial plane, the exo configured butenyl ligands occupy the apical positions 
with a C2-Ca1-C6A angle of 144.81(18)° clearly bent towards the vacant site. 
Bonding parameters in 10 are similar to those of the parent compound [Ca(η3-
C3H5)2(triglyme-κ
4)] (9). As observed for 9, both allylic ligands adopt an η3 bonding 
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mode. The carbon calcium distances range from 2.620(3) Å (Ca1−C1) to 2.884(6) Å 
(Ca1−C7A). The internal carbon atoms C3 and C7A are somewhat further away from 
the metal center than the terminal carbon atoms C1 and C5A. A notable variation of 
carbon carbon bond lengths is observed for the trihapto allyl ligand (1.397(4) Å for 
C1−C2 vs. 1.363(4) Å for C2−C3). This may be explained by unsymmetrical charge 
distribution in the ground state, leading to a higher negative partial charge at C1, as 
was reported from computational studies for 1-butenyl alkali metal complexes.[29] The 
angles spanning up the open site are 165.56(7)° (O1-Ca1-O3) and 96.2(2)° (C1-Ca1-
C5A) and agree within 3° with those reported for [Ca(C3H5)2(triglyme-κ
4)] (9). With 
all calcium oxygen distances being almost identical to the parent complex, it is not 
surprising that the introduction of a methyl group on one terminus of the allyl ligand 
has only a minor effect on the solid state structure of the triglyme adduct. 
 
Isolation of (2-Methylallyl)potassium [K(C3H4-2-Me)] (3) and Bis(2-
methylallyl)calcium [Ca(C3H4-2-Me)2(THF)0.25-0.75] (7) 
The yellow potassium precursor 3 was obtained in 84% yield from the reaction of i-
butene with KOtBu/LinBu. The yield of 3 was decreased due to double metalation of 
i-butene and formation of K2TMM (TMM = trimethylenemethane dianion, C4H6
2−).[30] 
The desired product 3 can be separated from the mixture by extraction with THF. 
Reaction of [K(C4H7)] (3) with CaI2 according to Scheme B.1.2-1 afforded bis(2-
methylallyl)calcium (7), which was isolated as an orange powder in 94% yield. 7 
contains sub-stoichiometric amounts of THF (0.25-0.75 molecules per formula unit 
calcium), which could not be removed by washing with pentane or drying at 
4·10−2 mbar for 24 h. The NMR spectroscopic analysis of 7 in [D8]THF solution is 
consistent with a symmetrical η3-2-methylallyl ligand resulting in two resonances at 
2.31 (CH2) and 1.67 ppm (Me) in the 
1H NMR spectrum (Figure B.1.2-6) and three 
resonances at 158.01 (C), 59.39 (CH2), and 26.34 ppm (Me) in the 
13C NMR spectrum. 
As in the case of 2, the potassium precursor 3 displays inequivalent terminal 
methylene protons at 2.35 (Hαtrans) and 1.86 ppm (Hαcis).  
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Figure B.1.2-6. 1H NMR spectrum of 2-methylallyl complexes of potassium (3) and calcium 
(7) in [D8]THF (*) at 25 °C. 
 
Isolation of [Ca(C3H4-2-Me)2(triglyme-κ
4)] (11) 
Single crystals of 11 were obtained from a cooled solution of 7 in THF (ca. 0.5 mM) 
in the presence of 1.2 equivalents of triglyme. Similar to the triglyme adducts of 
compounds 9 and 10, the 1H NMR spectrum of 11 shows resonances for free 7 and 
triglyme shifted slightly downfield. Compound 11 crystallizes in the orthorhombic 
space group P212121 (No. 19). The molecular structure of 11 in the solid state (Figure 
B.1.2-7) is analogous to that of 9 and 10. The η3-coordinated methylallyl ligands are 
bent towards the vacant site of the pentagonal bipyramide, resulting in a C1-Ca1-C5 
angle of 84.25(5)°, which is roughly 12° less than in [Ca(C3H4-1-Me)2(triglyme-κ
4)] 
(10) and about 10° less than in [Ca(C3H5)2(triglyme- κ
4)] (9). The C2-Ca1-C6 angle of 
142.25(5)° is also decreased by ca. 2° and 4°, respectively. 
The observed metal carbon distances range from 2.6760(15) Å (Ca1−C5) to 
2.7555(13) Å (Ca1−C2) and are in full agreement with those observed for the 
corresponding allyl and n-butenyl complexes. The methyl groups at the central carbon 
atoms are slightly bent towards the metal, expressed by torsion angles of 173.8(2)° 
(C1-C2-C3-C4) and 174.4(2)° (C5-C6-C7-C8). 
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Figure B.1.2-7. Molecular structure of compound 11 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): Ca1−C1, 2.6955(15); Ca1−C2, 2.7555(13); 
Ca1−C3, 2.7321(15); Ca1−O1, 2.5015(10); Ca1−O3, 2.5512(10); C1−C2, 1.386(2); C2−C3, 
1.377(2); C2−C4, 1.5180(19); C2-Ca1-C6, 142.25(5); O1-Ca1-O4, 166.80(4); C1-C2-C3, 
125.73(14). 
 
The allyl C-C-C angles are 125.73(14)° and 125.89(15)°. They are about 4° smaller 
than observed for [Ca(C3H5)2(triglyme- κ
4)] (9) and [Ca(C3H4-1-Me)2(triglyme-κ
4)] 
(10). The carbon carbon bond lengths of 1.386(2) Å (C1−C2), 1.377(2) Å (C2−C3), 
1.390(2) Å (C5−C6), and 1.382(2) Å (C6−C7) represent a delocalized allyl system 
with a single bonded methyl substituent at the internal position (C2−C4, 1.5180(19) Å; 
C6−C8, 1.520(2) Å). 
 
Isolation of (1-Hexenyl)potassium [K(C3H4-1-nPr)] (4) and Bis(1-hexenyl)calcium 
[Ca(C3H4-1-nPr)2(THF)0.15-0.25] (8) 
The potassium complex 4 was isolated from reaction of 1-hexene with Schlosser 
base as a dark red, viscous oil in 79% yield. Metathesis reaction with stoichiometric 
amounts of CaI2 in THF led to isolation of 8 as a dark orange powder in 99% yield. 
Similar to the butenyl complex 6, the 1-hexenyl analog 8 contains 0.15-0.25 molecules 
of THF per formula unit calcium, which could not be removed by washing with 
pentane or drying at 4·10−2 mbar for 24 h. All attempts to grow single crystals of 8 
failed. The ratio of endo/exo hexenyl of 85:15 was determined from the 1H NMR 
spectrum in [D8]THF at room temperature (Figure B.1.2-8). Again, 
1H and 13C NMR 
data are consistent with an η3-coordination mode of the hexenyl ligands for both 4 and 
8 (Scheme B.1.2-4). Whereas the 1H NMR resonances for the endo and exo isomers of 
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8 exhibit very similar chemical shifts (6.07 and 6.07 (Hβ), 3.27 and 3.34 (Hγ), 1.50 and 
1.59 ppm (Hα)), the proton at the γ position experiences a strong downfield shift when 
the metal center is changed from potassium (2.46 and 2.93 ppm for endo and exo Hγ 
for 3-K) to calcium (Figure B.1.2-8). 
 
Figure B.1.2-8. 1H NMR spectrum of 1-hexenyl complexes of potassium (4) and calcium (8) 
in [D8]THF (*) at 25 °C. 
Reaction of Bis(1-alkenyl)calcium Complexes with I2 
Reaction of the parent compound [Ca(C3H5)2] (5) with I2 resulted in quantitative 
formation of 1,5-hexadiene (verified by NMR and GC/MS) with concomitant 
precipitation of CaI2. The analogous reaction using triglyme adduct 9 gave the same 
results, except for precipitation of CaI2 being prevented by the presence of chelating 
triglyme. Allyl coupling reactions involving nickel complexes are well known[31] and 
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have been used for preparation of cycloolefins[32] and catalytic C−C bond formation 
involving β-diketiminato calcium acetylides has been reported.[33] Oxidative coupling 
reactions of η1-allyl and η1-propargyl ligands have been observed for example for 
half-sandwich complexes of iron(II) and molybdenum(III), and presumably proceed 
via intramolecular radical recombination.[34] Such oxidative C−C coupling reactions 
have been reported for d0 metal centers during the work presented here.[15,35] For the 
mechanism of allyl homocoupling of [Ca(η3-C3H5)2(THF)n] (5·(THF)n) induced by I2 
DFT calculations revealed two distinct scenarios. 
 
 
Figure B.1.2-9. Free enthalpy profile for the iodine-induced two step allyl ligand coupling in 
[Ca(C3H5)2(THF)]. AdE = electrophilic addition, TS = transition state, hex = 1,5-hexadiene. 
 
The reaction proceeds via at least two successive steps, which correspond to an 
electrophilic addition of I2 to one of the allyl groups followed by intramolecular 
nucleophilic substitution (Figure B.1.2-9). The electrophilic addition reaction is 
initiated by the formation of an I2 adduct on the exo face of one allyl ligand. The 
formation of this adduct is almost thermoneutral (+3.6 kcal mol−1). The activation 
barrier of the addition is rather low (+14.7 kcal mol−1). The transition state produces 
the allyl iodide complex [Ca(η3-C3H5)(I)(η
2-C3H5I)] with a thermodynamic balance of 
−44.9 kcal mol−1. The second allyl ligand subsequently reacts with allyl iodide in an 
SN2’ fashion, with an overall energy gain of −31.6 kcal mol
−1. The coupling reaction 
produces the 1,5-hexadiene adduct of CaI2, which releases the diene to form solvated 
CaI2, with a global exergonicity of −110.7 kcal mol
−1. Noteworthy, the replacement of 
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one allyl group by one iodide stabilizes the complex by 45 kcal mol−1. This energy 
profile demonstrates the thermodynamic feasibility of this reaction, proceeding with a 
small activation barrier. 
 
Scheme B.1.2-5. Iodine induced ligand coupling with calcium complexes 5-8. Product yields 
and distributions determined by NMR spectroscopy and/or GC/MS. 
 
The reaction of 6 with I2 released quantitative amounts of C−C coupling products 
3,4-dimethylhexa-1,5-diene, 3-methylhepta-1,5-diene, and octa-2,6-diene (estimated 
ratio: 1.0:1.0:1.4, Scheme B.1.2-5)[36] in analogy to the parent allyl compound and 
other allylic complexes of group 2 metals.[15] Consistently, 7 and 8 released 
quantitative amounts of the C−C coupling products 2,5-dimethylhexa-1,5-diene as 
well as 4,5-divinyloctane, 7-vinyldec-4-ene, and dodeca-4,8-diene in an estimated 
ratio of 1:5:5 (Scheme B.1.2-5).[36] No distinct regioselectivity was observed for 
coupling reactions under the applied conditions. 
 
Solution Structure of 1-Alkenyl s-Block Metal Complexes 
The isomers of substituted polar allyl-type organometallics and their use in organic 
synthesis have been studied in great detail.[29,37,38] Allyl compounds of alkali metals 
and transition metals mostly show a symmetrical (η3) π-bonded ligand in solution, 
whereas allylic Grignard reagents contain (η1) σ-allyl ligands.[39] For 1-alkylated allyl 
ligands, the endo conformer is strongly favored for small alkyls and electropositive 
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metal centers. The equilibrium is shifted towards the exo isomer, when going to 
sterically more demanding substituents such as tBu or SiMe3. This effect is also 
observed for linear chains, but to a much lesser extent. A direct comparison of the 
equilibrium concentrations for the butenyl complexes of lithium, sodium, potassium, 
and cesium implies a stronger endo preference for larger metal centers (endo/exo = 2:1 
[Li(C4H7)]; 10:1 [Na(C4H7)]; 100:1 [K(C4H7)]; 500:1 [Cs(C4H7)]).
[37] (Table B.1.2-2) 
Despite a very similar ionic radius of hexacoordinate Ca2+ (1.00 Å) and Na+ (1.02 Å), 
the tendency to form two endo type ligands at the Ca2+ center is less pronounced, as 
expressed by the approximate endo/exo ratio of 1.5:1.[16] At the same time, the 
endo/exo ratio obtained for calcium is comparable to that reported for the much 
smaller Li+ (0.76 Å). 
The influence of the metal center becomes even more apparent, when endo/exo 
ratios of 85:15 (= 5.7:1) for 1-hexenyl potassium (4) and 42:58 (= 1:1.4) for 1-hexenyl 
calcium (8) are compared. Whereas the potassium compound still favors the endo 
species, the presence of the n-propyl substituent already results in slight preference of 
the exo allyl isomer for the calcium analog. Seemingly, a decrease in size of the metal 
has not such a dramatic impact on the endo/exo ratio when going from group 1 
(potassium) to group 2 (calcium) complexes as compared to the trend found in the 
series of allyl alkali metal complexes. On the other hand, the chain length of the ligand 
has a stronger effect for the calcium derivative, favoring the exo isomer. 
 
Table B.1.2-2. Comparison of 1-alkylated allyl compounds of s-block metals. endo/exo ratios 
are given in rounded numbers. 
 
a: Data taken from ref. [37]; endo/exo compositions determined by 13C NMR spectroscopy 
or by correlation with the cis/trans ratios after derivatization with electrophiles. b: Data 
reported in ref. [27] were reproduced in this work. c: Data taken from ref. [40]; endo/exo 
compositions determined by correlation with the cis/trans ratios after derivatization with 
electrophiles. Note that magnesium bears rotating η1 instead of η3 allyl ligands. 
allylic ligand M r (for CN = 6)[16] (Å) endo exo 
C3H4-1-Me Li
a 0.76 2 1 
 Naa 1.02 10 1 
 Kb 1.38 100 1 
 Csa 1.67 500 1 
 MgBrc 0.72 1.2 1 
 Ca 1.00 1.5 1 
C3H4-1-nPr K 1.38 6 1 
 Ca 1.00 1 1.5 
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In this context, the dicationic charge of the alkaline earth metals and, therefore, a 
strong decrease of the size/charge ratio may be important. This goes along with the 
requirement of accommodating two 1-substituted allyl ligands at one single metal 
center. Whereas solvent effects are reported to have a minor influence on the endo/exo 
distribution, the endo configuration seems to be strongly favored for more 
electropositive metal centers.[37] This gives further support to the abovementioned 
finding that calcium compounds 6 and 8 contain increased amounts of the 
corresponding exo isomers in THF solution.  
Noteworthy, the substituted γ position exhibits the largest electronic change, when 
the metal center is changed from potassium to calcium. Consistently, the CHγ signals 
experience a downfield shift of ca. 0.7 ppm in the 1H and ca. 15 ppm in the 13C NMR 
spectra. This makes the γ position a valuable indicator for NMR spectroscopic 
analysis: whereas the chemical shift depends on the metal attached, coupling constants 
3
JHH indicate the presence of the endo or exo isomer. 
 
 
B.1.3. Bis(trimethylsilylmethyl)calcium 
 
Scheme B.1.3-1. Reaction of [K(CH2SiMe3)] (12) with CaI2 to yield alkyl complex 13 and 
subsequent decomposition. 
 
The alkyl complex [Ca(CH2SiMe3)2(THF)] (13) was obtained in 88% yield by salt 
metathesis of CaI2 with potassium precursor 12 (Scheme B.1.3-1). 12 was prepared in 
a similar fashion as reported earlier and is highly unstable in THF solution.[41]  
The 1H NMR spectrum of 13 in [D8]THF solution shows two singlets at −0.19 (CH3) 
and −1.92 (CH2) ppm, respectively. The 
13C NMR signals at 5.91 (1JCSi = 45.1 Hz, 
CH3), 5.09 (broad, CH2) display a significant downfield shift for metal bound CH2 
carbon atoms, compared to [M(CH2SiMe3)] (M = Li (−6.61 ppm), K (−0.8 ppm)). The 
half time of 13 in [D8]THF solution is t1/2 ≈ 5 d. TMS is the main product from 
decomposition, which is partially deuterated, as evident from a 1:1:1 triplet at 
−0.02 ppm (1JCD = 2.0 Hz). Consequently, signals attributed to activated THF can be 
observed in the NMR spectra upon standing. 
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Figure B.1.3-1. 1H NMR spectrum of bis(trimethylsilylmethyl)calcium (13) in [D8]THF (*) at 
25 °C. $ denotes decomposition products. 
These impurities prevented accurate elemental analysis of compound 13. It has 
already been described that full characterization of [M(CH2SiMe3)] (M = Na, K) was 
prevented by rapid protolysis.[42]Attempted crystallization from solutions of pentane, 
toluene, and a mixture of toluene and 1,4-dioxane failed.  
 
B.1.4. Conclusion 
A series of allylic bis(1-alkenyl) calcium compounds has been prepared by 
deprotonation of the corresponding olefins with KOtBu/LinBu and subsequent salt 
metathesis of the resulting potassium precursor with CaI2. The isolated products are 
stable under inert conditions. Bis(allyl)calcium (5) displays high stability in refluxing 
THF, despite its highly basic character.  
The solid state structures of the triglyme adducts of bis(allyl)calcium (5), bis(1-
butenyl) calcium (6), and bis(2-methylallyl) calcium (7) display η3-coordinated allyl 
ligands. NMR analysis shows η3-coordinated allyl ligands in [D8]THF solution for all 
isolated compounds. Whereas the exo configuration is found for 6 in the solid state, an 
endo/exo ratio of 60:40 is observed in THF solution at 25 °C. A comparison with the 
solution behavior of 1-butenyl alkali metal compounds suggests a less pronounced 
endo effect for calcium derivatives. The latter show a stronger dependence on the 
chain length attached to the allyl moiety, favoring the exo isomer. The γ proton signal 
is diagnostic for the endo/exo distribution and is strongly shifted to lower field when 
the metal center becomes less electropositive. 
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Reaction of the parent compound bis(allyl)calcium with benzophenone and 9-
fluorenone resulted in the formation of radical species, as deduced from the deep blue 
and brown colors of the reaction solutions. NMR analysis did not allow for detailed 
analysis of the product mixture. 
 
B.1.5. Experimental Section 
[Ca(C3H5)2] (5). Allylpotassium (1) (859 mg, 10.7 mmol) was added to a suspension 
of anhydrous calcium iodide (1.50 g, 5.10 mmol) in THF (50 mL). Precipitated 
potassium iodide was filtered off, and the solvent was removed under reduced 
pressure. After washing with pentane and drying in vacuo, the product was obtained as 
an off-white powder. (622 mg, 5.09 mmol, > 99%). Recrystallization from THF gave 
crystals that melted below room temperature. Anal. calcd. for C6H10Ca (122.22): C 
58.96, H 8.25; found: C 57.99, H 8.95. 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 2.32 
(d, 3JHH = 12.0 Hz, 8H, CH2CHCH2), 6.28 (quint, 
3
JHH = 12.0 Hz, 2H, CH2CHCH2). 
13C NMR (100 MHz, [D8]THF, 25 °C): δ = 57.74 (tt, 
1
JCH = 147.8 Hz, 
3
JCH = 7.3 Hz, 
CH2CHCH2), 147.52 (d, 
3
JCH = 7.3 Hz, CH2CHCH2). 
1H NMR (400 MHz, [D8]THF, 
−80 °C): δ = 2.19 (d, 3JHH = 15.1 Hz, 4H, CH2CHCH2
trans), 2.25 (d, 3JHH = 9.0 Hz, 4H, 
CH2CHCH2
cis), 6.14 (tt, 3JHH = 8.8, 15.3 Hz, 2H, CH2CHCH2). 
 
[K(C3D5)] ([D5]1) and [Ca(C3D5)2] ([D10]5). The synthesis was carried out as reported 
for the protonated compounds, starting from [D6]propene. The modifications to the 
experimental setup were: i) very short tubing for gas transfer, ii) instead of using a 
reflux condenser, the reaction was carried out in a closed Schlenk flask, iii) only a 
slight excess of [D6]propene was used. By that procedure [D6]propene (0.70 g, 
14.5 mmol) was reacted with KOtBu (1.26 g, 11.2 mmol) / LinBu (4.5 mL, 2.5M in 
hexane, 11.3 mmol) to afford [K(C3D5)] (0.82 g, 9.6 mmol, 86%). This was reacted 
with CaI2 to afford [Ca(C3D5)2] as a light brown powder. 
13C NMR (100.6 MHz, 
[D8]THF, 24 °C): δ = 56.86 (quint, 
1
JCD = 22.8 Hz, CD2) 147.22 (t, 
1
JCD = 21.2 Hz, 
CD). 
 
[Ca(C3H5)2(triglyme)] (9). A solution of triglyme (87 mg, 0.49 mmol) in THF 
(0.5 mL) was added to a solution of 5 (60 mg, 0.49 mmol) in THF (2.0 mL). Cooling 
gave colorless block-like crystals that were suitable for X-ray analysis. (114 mg, 
0.38 mmol, 77%). 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 2.28 (d, 
3
JHH = 12.0 Hz, 
8H, CH2CHCH2), 3.43 (s, 6H, (CH3OCH2CH2OCH2)2), 3.57 (m, 4H, 
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(CH3OCH2CH2OCH2)2), 3.63 (m, 8H, (CH3OCH2CH2OCH2)2), 6.19 (quint, 
3
JHH = 
12.0 Hz, 2H, CH2CHCH2). 
13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 57.02 
(CH2CHCH2), 59.83 ((CH3OCH2CH2OCH2)2), 70.94 ((CH3OCH2CH2OCH2)2), 71.22 
((CH3OCH2CH2OCH2)2), 72.44 ((CH3OCH2CH2OCH2)2), 147.61 (CH2CHCH2). 
1H 
NMR (400 MHz, [D8]THF, −80 °C): δ = 2.22 (br d, 
3
JHH = 10.0 Hz, 8H, CH2CHCH2), 
3.54 (s, 6H, (CH3OCH2CH2OCH2)2), 3.69 (br s, 4H, (CH3OCH2CH2OCH2)2), 3.73 (br 
s, 8H, (CH3OCH2CH2OCH2)2), 6.02 (tt, 
3
JHH = 9.7, 15.2 Hz, 2H, CH2CHCH2). 
 
[K(C3H4-1-Me)] (2). n-Butene (24 mL, 267 mmol) was condensed at −78 °C onto a 
stirred suspension of KOtBu (15.0 g, 133 mmol) in pentane (300 mL). LinBu (54 mL 
of a 2.5 M solution in hexane, 135 mmol) was added to the reaction mixture. After the 
reaction vessel was fitted with a reflux condenser, gradual warming of the colorless 
reaction mixture to 25 °C allowed the n-butene to reflux and resulted in a color change 
to orange. After 2 h excess n-butene was boiled off. Filtration, washing with pentane, 
and drying under reduced pressure afforded an orange powder (9.59 g, 102 mmol, 
77%). 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 1.50 (d, 
3
JHH = 6.02 Hz, 3H, 
CH2CHCHMe), 1.60 (dd, 
2
JHH = 2.7, 
3
JHH = 14.1 Hz, 1H, CH2
transCHCHMe), 1.86 (dd, 
2
JHH = 2.3, 
3
JHH = 8.1 Hz, 1H, CH2
cisCHCHMe), 2.49 (dq, 3JHH = 5.9, 7.5 Hz, 1H, 
CH2CHCHMe), 6.14 (dt, 
3
JHH = 8.2, 14.3 Hz, 1H, CH2CHCHMe). 
13C NMR (100.6 
MHz, [D8]THF, 25 °C): δ = 14.74 (CH2CHCH-Me), 45.32 (CH2CHCH-Me), 62.42 
(CH2CHCH-Me), 139.40 (CH2CHCH-Me). 
 
[Ca(C3H4-1-Me)2(THF)x] (0.15≤ x ≤0.25) (6). Compound 2 (1.25 g, 13.3 mmol) was 
added to a suspension of CaI2 (1.50 g, 5.10 mmol) in THF (20 mL). The colorless 
precipitate was filtered off and the solvent was removed under reduced pressure. After 
washing with pentane and subsequent drying under reduced pressure, 6 was obtained 
as a dark orange powder (x = 0.15, 770 mg, 4.78 mmol, 94%). In the 13C NMR 
spectrum two sets of signals were observed, ascribed to the endo and exo isomers of 
the butenyl ligand. Nevertheless, since the 1H NMR spectrum shows broad and 
overlapping signals for all groups, except for the methyl group, definite assignment of 
the endo and exo isomers is not given below. An endo/exo ratio of 60:40 was derived 
from the 13C NMR spectrum. 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 1.46 (br d,
 
3
JHH = 5.8 Hz, 6H, CH2CHCH-Me), 1.53 (br d, 
3
JHH = 11.5 Hz, 4H, CH2CHCH-Me), 
1.64 (br d, 3JHH = 4.3 Hz, 6H, CH2CHCH-Me), 1.77 (THF), 3.15-3.35 (br m, 2H, 
CH2CHCH-Me), 3.62 (THF), 5.96-6.19 (br m, 2H, CH2CHCH-Me). 
13C NMR (100.6 
MHz, [D8]THF, 25 °C): δ = 19.20 and 13.56 (CH2CHCH-Me), 26.32 (THF), 44.45 and 
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42.90 (CH2CHCH-Me), 68.24 (THF), 77.88 and 76.78 (CH2CHCH-Me), 146.93 and 
143.39 (CH2CHCH-Me). 
 
[Ca(C3H4-1-Me)2(triglyme-κ
4
)] (10). A solution of 6 (50 mg, 0.31 mmol, x = 0.15) in 
THF (0.2 mL) was added to triglyme (67 mg, 0.38 mmol). The mixture was cooled to 
−27 °C to give few single, which were suitable for single crystal X-ray analysis. 1H 
NMR (400.1 MHz, [D8]THF, 25 °C): δ = 1.46 (br d,
 3
JHH = 5.8 Hz, 6H, CH2CHCH-
Me), 1.54 (br d, 3JHH = 11.5 Hz, 4H, CH2CHCH-Me), 1.65 (br d, 
3
JHH = 4.3 Hz, 6H, 
CH2CHCH-Me), 3.15-3.32 (br m, 2H, CH2CHCH-Me), 3.38 (s, 6H, 
(CH3OCH2CH2OCH2)2), 3.52-3.56 (m, 4H, (CH3OCH2CH2OCH2)2), 3.60-3.65 (m, 8H, 
(CH3OCH2CH2OCH2)2), 5.92-6.16 (br m, 2H, CH2CHCH-Me). 
 
[K(C3H4-2-Me)] (3). Isobutene (38 mL, 428 mmol) was condensed at −78 °C onto a 
stirred suspension of KOtBu (17.4 g, 155 mmol) in pentane (350 mL). LinBu (62 mL 
of a 2.5 M solution in hexane, 155 mmol) was added to the reaction mixture. After the 
reaction vessel was fitted with a reflux condenser, gradual warming of the colorless 
reaction mixture to 25 °C allowed isobutene to reflux and resulted in a color change to 
yellow. After 2 h the excess i-butene was boiled off. Filtration, washing with pentane 
and drying under reduced pressure afforded 19.3 g of a yellow powder, which was 
treated with THF. Filtration and drying of the filtrate resulted in 3 (12.2 g, 130 mmol, 
84%). 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 1.65 (s, 3H, CH2CMeCH2), 1.86 
(d, 2JHH = 1.5 Hz, 2H, CH2
cisCMeCH2
cis), 2.35 (d, 2JHH = 2.5 Hz, 2H, 
CH2
transCMeCH2
trans). 13C NMR (100.6 MHz, [D8]THF, 25 °C): δ = 26.08 
(CH2CMeCH2), 53.67 (CH2CMeCH2), 151.85 (CH2CMeCH2). 
 
[Ca(C3H4-2-Me)2(THF)x] (0.25≤ x ≤0.75) (7). Compound 3 (671 mg, 7.12 mmol) was 
added to a suspension of CaI2 (1.05 g, 3.57 mmol) in THF (20 mL). The colorless 
precipitate was filtered off and the solvent was removed under reduced pressure. After 
washing with pentane and subsequent drying, 7 was obtained as an orange powder 
(x = 0.70, 675 mg, 3.36 mmol, 94%). 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 
1.67 (s, 6H, CH2CMeCH2), 1.77 (THF), 2.31 (s, 8H, CH2CMeCH2), 3.62 (THF). 
13C 
NMR (100.6 MHz, [D8]THF, 25 °C): δ = 26.27 (THF), 26.34 (CH2CMeCH2), 59.39 
(CH2CMeCH2), 68.21 (THF), 158.01 (CH2CMeCH2). 
 
[Ca(C3H4-2-Me)2(triglyme-κ
4
)] (11). To a solution of 7 (50 mg, 0.30 mmol, x = 0.25) 
in THF (0.6 mL) triglyme (60 mg, 0.34 mmol) was added. After cooling to −27 °C, 
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single crystals suitable for X-ray crystal structure determination were obtained (25 mg, 
0.08 mmol, 26%). 1H NMR (400.1 MHz, [D8]THF, 25 °C): 1.64 (s, 6H, 
CH2CMeCH2), 2.23 (s, 8H, CH2CMeCH2), 3.38 (s, 6H, (CH3OCH2CH2OCH2)2), 3.51-
3.55 (m, 4H, (CH3OCH2CH2OCH2)2), 3.59-3.62 (m, 8H, (CH3OCH2CH2OCH2)2). 
 
[K(C3H4-1-nPr)] (4). At −78 °C, 1-hexene (3.0 mL, 23.9 mmol) was added to a stirred 
suspension of KOtBu (2.28 g, 20.3 mmol) in 20 mL pentane. LinBu (8.1 mL of a 
2.5 M solution in hexane, 20.3 mmol) was added to the reaction mixture. After 1 h at 
−78 °C gradual warming of the white reaction mixture to 25 °C resulted in a color 
change to red and formation of a highly viscous solid. After 3 h, 4 was isolated by 
filtration, washed with pentane and dried under reduced pressure (1.95 g, 15.95 mmol, 
79%). The ratio of endo/exo hexenyl = 85:15 was determined by 1H NMR 
spectroscopy. In the 13C NMR spectrum all resonances, except for the terminal 
methylene group (δ = 45.48 ppm), of the endo and exo isomers appear as separate 
signals. In the 1H NMR spectrum, resonances for the terminal CH2- and attached CH-
groups appear as overlapping signals (δ = 1.70, 1.80, and 6.07 ppm), all other signals 
can be observed and assigned separately. 
endo Isomer: 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 0.94 (t, 
3
JHH = 7.3 Hz, 3H, 
CH2CHCH-CH2CH2CH3), 1.43 (sextet, 
3
JHH = 7.4 Hz, 2H, CH2CHCH-CH2CH2CH3), 
1.70 (dd, 2JHH = 2.5 Hz, 
3
JHH = 14.5 Hz, 1H, CH2
transCHCH-nPr), 1.80 (dd, 
2
JHH = 2.5 Hz, 
3
JHH = 8.3 Hz, 1H, CH2
cisCHCH-nPr), 1.85 (dt, 3JHH = 6.0, 6.9 Hz, 2H, 
CH2CHCH-CH2CH2CH3), 2.46 (dt, 
3
JHH = 5.3, 8.5 Hz, 1H, CH2CHCH-nPr), 6.07 (m, 
1H, CH2CHCH-nPr). 
13C NMR (100.6 MHz, [D8]THF, 25 °C): δ = 15.34 (CH2CHCH-
CH2CH2CH3), 24.97 (CH2CHCH-CH2CH2CH3), 33.26 (CH2CHCH-CH2CH2CH3), 
45.48 (CH2CHCH-nPr), 70.94 (CH2CHCH-nPr), 138.17 (CH2CHCH-nPr). 
exo Isomer: 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 0.79 (t, 
3
JHH = 7.3 Hz, 3H, 
CH2CHCH-CH2CH2CH3), 1.16 (sextet, 
3
JHH = 7.3 Hz, 2H, CH2CHCH-CH2CH2CH3), 
1.70 (dd, 2JHH = 2.5 Hz, 
3
JHH = 14.5 Hz, 1H, CH2
transCHCH-nPr), 1.80 (dd, 
2
JHH = 2.5 Hz, 
3
JHH = 8.3 Hz, 1H, CH2
cisCHCH-nPr), 1.94 (dt, 3JHH = 6.7, 7.6 Hz, 2H, 
CH2CHCH-CH2CH2CH3), 2.93 (dt, 
3
JHH = 6.4, 12.1 Hz, 1H, CH2CHCH-nPr), 6.07 (m, 
1H, CH2CHCH-nPr). 
13C NMR (100.6 MHz, [D8]THF, 25 °C): δ = 14.37 (CH2CHCH-
CH2CH2CH3), 29.21 (CH2CHCH-CH2CH2CH3), 38.81 (CH2CHCH-CH2CH2CH3), 
45.48 (CH2CHCH-nPr), 72.30 (CH2CHCH-nPr), 142.35 (CH2CHCH-nPr). 
 
[Ca(C3H4-1-nPr)2(THF)x] (0.15≤ x ≤0.25)] (8). Compound 4 (435 mg, 3.56 mmol) 
was added to a suspension of CaI2 (523 mg, 1.78 mmol) in THF (10 mL). The 
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colorless precipitate was filtered off and the solvent was removed under reduced 
pressure. The red and viscous product was washed with pentane and dried under 
reduced pressure, resulting in an orange powder of 8 (x = 0.20, 391 mg, 1.77 mmol, 
99%). The ratio of endo/exo hexenyl = 42:58 was determined by 1H NMR 
spectroscopy. In the 13C NMR spectrum, all resonances of the endo and exo isomers 
occur as separate signals. Due to overlapping signals of similar intensity for the 
methine protons of the endo and exo hexenyl ligands (δ = 6.07) in the 1H NMR 
spectrum, the 13C and 1H resonances of this CH-group could not unambiguously be 
ascribed to either isomer. All other signals could be observed and assigned separately. 
endo Isomer: 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 0.89 (t, 
3
JHH = 7.3 Hz, 6H, 
CH2CHCH-CH2CH2CH3), 1.36 (sextet, 
3
JHH = 7.3 Hz, 4H, CH2CHCH-CH2CH2CH3), 
1.50 (d, 3JHH = 11.3 Hz, 4H, CH2CHCH-nPr), 1.77 (THF), 1.83 (q, 
3
JHH = 6.9 Hz, 4H, 
CH2CHCH-CH2CH2CH3), 3.27 (dt, 
3
JHH = 6.3, 8.5 Hz, 2H, CH2CHCH-nPr), 3.62 
(THF), 6.07 (m, 2H, CH2CHCH-nPr). 
13C NMR (100.6 MHz, [D8]THF, 25 °C): 
δ =14.91 (CH2CHCH-CH2CH2CH3), 24.70 (CH2CHCH-CH2CH2CH3), 26.36 (THF), 
31.54 (CH2CHCH-CH2CH2CH3), 42.49 (CH2CHCH-nPr), 68.22 (THF), 85.22 
(CH2CHCH-nPr), 146.33 / 142.18 (CH2CHCH-nPr). 
exo Isomer: 1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 0.82 (t, 
3
JHH = 7.3 Hz, 6H, 
CH2CHCH-CH2CH2CH3), 1.23 (sextet, 
3
JHH = 7.2 Hz, 4H, CH2CHCH-CH2CH2CH3), 
1.59 (d, 3JHH = 11.0 Hz, 4H, CH2CHCH-nPr), 1.77 (THF), 1.92 (q, 
3
JHH = 6.9 Hz, 4H, 
CH2CHCH-CH2CH2CH3), 3.34 (dt, 
3
JHH = 6.5, 13.8 Hz, 2H, CH2CHCH-nPr), 3.62 
(THF), 6.07 (m, 2H, CH2CHCH-nPr). 
13C NMR (100.6 MHz, [D8]THF, 25 °C): δ = 
14.10 (CH2CHCH-CH2CH2CH3), 26.36 (THF), 27.95 (CH2CHCH-CH2CH2CH3), 
37.79 (CH2CHCH-CH2CH2CH3), 44.89 (CH2CHCH-nPr), 68.22 (THF), 83.62 
(CH2CHCH-nPr), 146.33 / 142.18 (CH2CHCH-nPr). 
 
[K(CH2SiMe3)] (12).
[41]
 To a stirred suspension of KOtBu (280 mg, 2.50 mmol) in 
pentane (40 mL) a solution of [Li(CH2SiMe3)] (235 mg, 2.50 mmol) in pentane (5 mL) 
was added. After stirring for 15 min the colorless precipitate was removed by 
filtration, washed with pentane and dried under reduced pressure (300 mg, 2.38 mmol, 
95%). 1H NMR data were in agreement with those reported earlier.[41] As Mulvey et al. 
reported, meaningful 13C NMR data cannot be given due to fast protolysis.[42] The 
following 13C NMR resonances were tentatively assigned to 12 in the presence of 
significant amounts of TMS and other unidentified decomposition products; 13C NMR 
(100.6 MHz, [D8]THF, 25 °C): δ = −0.8 (br, CH2), 6.52 (br, CH3). 
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[Ca(CH2SiMe3)2(THF)] (13). To a stirred suspension of CaI2 (100 mg, 0.34 mmol) in 
THF (1 mL), [K(CH2SiMe3)] (86 mg, 0.68 mmol) was added as a solid. After 5 min 
the precipitate was filtered off. After removal of the solvent under reduced pressure, 
the product was washed with pentane and dried in vacuo (86 mg, 0.30 mmol, 88%).1H 
NMR (200 MHz, [D8]THF, 25 °C): δ = −1.92 (s, 4H, CH2), −0.19 (s, 18H, CH3, 
2
JHSi = 
5.7 Hz), 1.77 (m, 4H, THF), 3.61 (m, 4H, THF). 13C NMR (100.6 MHz, [D8]THF, 
25 °C): δ = 5.09 (br, CH2), 5.91 (
1
JCSi = 45.1 Hz, CH3), 25.75 (THF), 67.92 (THF). A 
half time of t1/2 ≈ 5 d was determined by NMR spectroscopy. The main decomposition 
product is TMS, which is partially deuterated (1JCD = 2.0 Hz at −0.02 ppm) due to 
decomposition in [D8]THF. Consequently, broad signals of activated, ring-opened, 
and/or polymerized THF can be observed. Attempted crystallization by cooling 
solutions of 13 (15 mg, 0.05 mmol) in toluene (0.5 mL), pentane (0.5 mL), and a 
mixture of dioxane/toluene (1.0:0.5 mL) to −30 °C were unsuccessful. 
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B.2. CALCIUM ALLYL COMPLEXES SUPPORTED BY (AZA)CROWN ETHERS 
B.2.1. Introduction 
Group 1 and 2 metals share a long history with crown ether ligands and contributed a 
large part to the “development and use of molecules with structure-specific 
interactions of high selectivity” (Nobel Prize 1987).[1-3] Despite a vast number of 
reports on applications of crown ethers with alkali and alkaline earth metal salts in 
aqueous media, many crown ethers led to unprecedented findings in non-aqueous 
organometallic chemistry. Whereas the most prominent crown ether, 18-crown-6, 
exhibits excellent selectivity for potassium cations, 18-crown-6 also fits in calcium 
dications. Calcium centers were also shown to specifically bind to 21-membered 
diazacrown ether derivatives.[4] Consecutive substitution of oxygen by nitrogen leads 
to azacrown ethers, two of which are well-known cyclen (1,4,7,10-
tetraazacyclododecane, TACD) and its N,N,N,N-tetraacetic acid derivative 
(DOTA).[5,6] 
Only few (aza)crown ether adducts of alkaline earth metal complexes with 
carbanionic ligands have been reported.[7] Recent studies by Ruhlandt-Senge et al. 
focus on crown ether adducts of alkaline earth arylmethanides and acetylides.[8,9] A 
crucial issue for the stability of [MR2(crown)] (M = Ca, Sr, Ba) is the basicity of 
carbanionic ligand R. If it is too Brønsted basic, ether cleavage will lead to 
decomposition of the organo alkaline earth metal complex. For the documented 
acetylides, bent C-M-C (M = Ca, Sr, Ba) angles were found. These do not obey 
VSEPR theory and are discussed in the context of when and why compounds of the 
group 2 metals show (non-)bent geometries. This question has also been discussed on 
a computational basis.[10]  
These examples demonstrate the profound influence of (polydentate) donors on 
structural properties. As structural features of coordination compounds and their 
reactivity are inseparable, the detailed interaction of carbanionic ligands with metal 
centers in the presence of such donor molecules is of fundamental interest. Case 
studies have been carried out on alkaline earth allyl complexes and the influence of 
neutral donor ligands on the hapticity of the allyl ligand was discussed. For the lighter 
alkaline earth metals beryllium and magnesium, the η1-allyl bonding mode is 
commonly believed to be energetically favored over any polyhapto bonding mode. 
However, recent results on allyl beryllium and magnesium complexes have questioned 
the idea of pure σ-bonding as the preferred bonding mode.[11] For the lighter alkaline 
earth metals, ethereal solvent molecules induce successive slippage of an allyl ligand 
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from the π- to the σ-bonding mode and the true (donor free) ground state might in fact 
be delocalized.[11a,12] For calcium, π-bonding is usually found to be favored over σ-
bonding.[13] This is most likely due to an increase in size (of ca. 41% going from Mg2+ 
to Ca2+ for CN = 6) and d-orbital incorporation.[14] Whereas for magnesium other than 
η
1-bound allyls are uncommon, for calcium (and heavier homologs) η1-allyl 
complexes remained elusive before this work. The only structurally verified σ-bond 
interaction with an allyl ligand, albeit in a delocalized bridging mode, was found in 
[Ca(µ2-η
1:η1-C3H5)(18-crown-6)][Zn(η
1-C3H5)3].
[15]  
 
B.2.2. Results and Discussionb 
Isolation of [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] (14) 
The colorless compound [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] (14) was isolated as 
plate-like single crystals suitable for X-ray structure determination from a cooled 
(−35 °C) “mixture” of the layered reactants in THF (Scheme B.2.2-1). The molecular 
structure of 14 in the solid state is depicted in Figure B.2.2-1. 14 crystallizes in the 
monoclinic space group P21 (No. 4) with four formula units per unit cell, two of which 
are crystallographically independent. The major difference between them is the extent 
to which the calcium center is drawn to one side of the crown ether ligand and the 
degree of disorder in the monohapto ligand. Consequently, methine carbon atoms (C2, 
C20) have been refined with two split positions without restraints.  
 
Scheme B.2.2-1. Preparation and decomposition of 14. 
 
The solid state structure of 14 shows approximate hexagonal bipyramidal coordination 
around calcium with a formal coordination number of eight. The high coordination 
number provided by 18-crown-6 is regarded as the reason for the η3 to η1 shift of one 
of the two allyl ligands. 
                                                           
b: All DFT calculations in this chapter as well as experiments concerning [Ca{1,3-(SiMe3)2-
C3H3}2(THF)2] were performed by S. C. Chmely and T. P. Hanusa. Published parts of this chapter: 1) 
P. Jochmann, T. P. Spaniol, S. C. Chmely, T. P. Hanusa, J. Okuda, Organometallics 2011, 30, 5291. 
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Figure B.2.2-1. Molecular structure of compound 14 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. Only 
the majority conformers are shown (C2B and C20A). Selected bond lengths (Å) and angles 
(°): Ca1−C1, 2.565(4); Ca1−C4, 2.801(4); Ca1−C5, 2.746(4); Ca1−C6, 2.862(5); Ca1−O4, 
2.817(3); Ca1−O6, 2.675(3); C4−C5, 1.380(6); C5−C6, 1.363(6); C1−C2B, 1.292(17); 
C2B−C3, 1.252(17); C1-Ca1-C5, 168.63(14); C6-C5-C4 130.5(5).  
 
A large variation in Ca−O bond lengths (e.g., Ca2−O9 2.615(3) Å to Ca2−O11 
2.888(3) Å) is found to the 18-crown-6 ligand, reflecting a displacement of the 
calcium from the center of the ring (Table B.2.2-1). The σ-bound allyl ligands show 
the shortest contacts to calcium (Ca1−C1 2.565(4) Å, Ca2−C19 2.584(4) Å), whereas 
the η3-allyl ligands display longer metal carbon bonds between 2.736(4) Å (Ca2−C24) 
and 2.876(4) Å (Ca2−C22). The allyl’s C-C-C angles of 130.5(5)° (C6-C5-C4) and 
129.7(4)° (C22-C23-C24) are close to 130°, indicative of anionic charge distribution. 
The delocalization of the π-electron density in the ligands is also indicated by the small 
difference in the C4/C5−C5/C6 and C22/C23−C23/C24 bond lengths of 0.016 and 
0.023 Å, respectively. Contrastingly, the σ-bound allyl ligands display localized single 
and double bonds of 1.419(7) (C1−C2A) and 1.305(7) Å (C2A−C3) and 1.459(8) 
(C19−C20A) and 1.245(8) Å (C20A−C21), respectively (the shorter than expected 
lengths for the bonds is a consequence of the crystallographic disordering). Table 
B.2.2-1 summarizes bond lengths found for 14 and for calculated structures of 
[Ca(C3H5)2(18-crown-6)n] (n = 0, 1; Figure B.2.2-2). The C-Ca-C angles of 
168.63(14)° (C1-Ca1-C5) and 174.25(14)° (C19-Ca2-C23) show no significant 
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deviation from linearity. A similar value was reported for the polymeric structure of 
the monocationic part in [Ca(µ2-η
1:η1-C3H5)(18-crown-6)][Zn(η
1-C3H5)3].
[15] 
Whereas in [Ca(µ2-η
1:η1-C3H5)(18-crown-6)][Zn(η
1-C3H5)3] the allyl ligand is η
1 
coordinated but bridging two calcium centers and displays delocalized bonding to 
some extent,[16] 14 is the first example of a heavy alkaline earth metal allyl complex 
that bears a purely σ-bonded allyl ligand with localized bonding in a mononuclear 
solid state structure.  
 
Table B.2.2-1. Bond lengths (Å) and angles (°) of experimental (14) and calculated (a-e) 
structures of [Ca(C3H5)2(18-crown-6)n] (14: n = 1; a-c: n = 0; d, e: n = 1). 
 
DFT investigations were carried out on a set of allyl complexes related to 14. To 
evaluate the energetic effect that the crown ether has on the structure, bis(allyl)calcium 
was examined first. A variety of stationary points can be found for conformations with 
purely σ-bonded geometries ([Ca(η1-C3H5)2]), but all of them are saddle points on the 
potential energy surface with two or more imaginary vibrational frequencies. The most 
stable to be located, with Nimag = 2 (242i, 244i cm
−1) and C2v symmetry (Figure B.2.2-2 
a), has Ca−C = 2.412 Å and C-Ca-C = 137.5°. The π-electrons in the allyl ligand are 
strongly localized, with a C1−C2/C2−C3 bond length difference of 0.16 Å. A long-
range agostic interaction (Ca···H3 at 2.65 Å) may provide some weak stabilization to 
the configuration. A mixed hapticity species [Ca(η1-C3H5)(η
3-C3H5)] with Cs 
symmetry is somewhat more stable than the all-σ form (by 9.6 kcal mol−1 (∆H0), 5.8 
kcal mol−1 (∆G0)) and is in fact a potential energy minimum (Nimag = 0) (Figure 
B.2.2-2 b).  
 
compound Ca–C(σ) 
Ca–C(π) 
range 
C–C/C=C 
(σ allyl) 
Ca–O 
range 
14molecule1 2.565(4) 2.746(4)-2.862(5) 1.419(7)/1.305(7) 2.675(3)-2.817(3) 
14molecule2 2.584(4) 2.736(4)-2.876(4) 1.459(8)/1.245(8) 2.615(3)-2.888(3) 
a 2.412 - 1.505/1.345 - 
b 2.412 2.580-2.588 1.503/1.345 - 
c - 2.569-2.581 - - 
d 2.568 2.676-2.798 1.431/1.372 2.59-3.05 
e 2.556 - 1.432/1.373 2.76-2.79 
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a) 
d) 
Figure B.2.2-2. Calculated structures of bis(allyl)calcium complexes; hydrogen atoms have 
been omitted from the crown ether ligands for clarity: a) [Ca(
[Ca(η1-C3H5)(η
3-C3H5)], C
C3H5)(18-crown-6)]; e) [Ca(
 
The geometry of the 
[Ca(η1-C3H5)2] (e.g., Ca
Ca···H10 distance is now 2.55
bound allyl, the Ca−C1/C3 and Ca−C2 distances are closely similar (2.580 and 
2.588 Å, respectively), and because of the symmetry, the carbon carbon distances are 
necessarily equal (1.402
C3H5)2] or [Ca(η
1-C3H5
ligands and nearly perfect 
exact for subsequent calculations. The Ca
2.581 Å), and the C1−C2 and C2−C3 distances of 1.401 and 1.402
indicate that complete delocalization of the 
The angle between the two C
potential energy minimum and is much more stable than the [Ca(
geometry (by 33.6 kcal mol
by (Aza)Crown Ethers
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b)  c)
 
e) 
η
1-C3H
s symmetry; c) [Ca(η
3-C3H5)2], C2 symmetry; d) [Ca(
η
1-C3H5)2(18-crown-6)], Ci symmetry. 
σ-bonded ligand has not fundamentally changed from that in 
−C4 remains at 2.412 Å), but it has rotated so that the 
 Å, and the contact is possibly more stabilizing. 
 Å). Removal of symmetry constraints causes either [Ca(
)(η3-C3H5)] to collapse to a conformation with two 
C2 symmetry (Figure B.2.2-2 c); the symmetry was made 
−C distances span a small range (2.569 to 
π-electrons in the allyl ligand has occurred. 
3 planes is 43.9°. The [Ca(η
3-C3H5
−1 (∆H0), 37.5 kcal mol−1 (∆G0)). It is clear that in the 
 
 
 
 
5)2], C2v symmetry; b) 
η
1-C3H5)(η
3-
In the π-
η
1-
η
3-bound 
 Å, respectively, 
)2] configuration is a 
η
1-C3H5)(η
3-C3H5)] 
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absence of any additional donor ligands, π-bound allyls are the strongly preferred 
conformation around a calcium center. 
With a coordinated 18-crown-6 ligand around calcium, a conformation with two π-
bound allyls, i.e., [Ca(η3-C3H5)2(18-crown-6)], is no longer stable; slippage of one or 
both allyls to a σ-bonded form occurs. Calculations indicate that there are multiple 
local minima for both [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] and [Ca(η
1-C3H5)2(18-
crown-6)] that vary only by a few kcal mol−1 in energy from each other; they reflect 
differences in conformations of the crown ether ring and relative orientations of the 
allyl ligands. The fact that two slightly different molecules exist in the crystal lattice of 
14 supports the absence of a strongly preferred arrangement of the ligands around 
calcium. The lowest energy structure found for [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] 
was derived by starting with the coordinates of one of the molecules found in the 
structure of 14. In the optimized structure (Figure B.2.2-2 d), the Ca−C(σ) distance is 
2.568 Å, and the C−C/C=C distances differ by 0.06 Å; they are partially localized into 
single and double bonds. These values are close to those observed in the crystal 
structure, suggesting that crystal packing forces are not significantly distorting the 
geometries. The other allyl has adopted a “slipped-π” geometry,[11a] with a Ca−C range 
of 2.676 to 2.798 Å, but the carbon carbon bonds differ only by 0.006 Å, indicating 
complete delocalization of the π-electrons. The bonding to the crown ligand is 
considerably asymmetric, with Ca−O distances ranging from 2.59 to 3.05 Å. The 
lowest energy form found for [Ca(η1-C3H5)2(18-crown-6)] has inversion symmetry 
(Figure B.2.2-2 e). The Ca−C(σ) distance is 2.556 Å, and carbon carbon bonds in the 
allyl ligand are partially localized, with a 0.06 Å difference in lengths. As would be 
expected because of the symmetry, the Ca−O distances are more uniform than in 
[Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] and are in the narrow range of 2.76 to 2.79 Å. 
The [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] conformation is lower in energy than the Ci-
symmetric [Ca(η1-C3H5)2(18-crown-6)] by 4.2 kcal mol
−1 (∆G0) (4.3 kcal mol−1 
(∆H0)). The closely similar energies are consistent with the highly fluxional behavior 
of 14 observed in solution (see below). 
In [D8]THF solution, fast degradation of 18-crown-6 in 14 (t1/2 = 2.5 h) was observed 
at ambient temperature by NMR spectroscopy. Intact 14 exhibits a resonance pattern 
indicative of the bis(trihapto) complex [Ca(η3-C3H5)2] with a significant highfield shift 
compared to parent bis(allyl)calcium (5) (δ14 = 6.26 (quint, CH), 2.15 (d, CH2); δ5 = 
6.28 (quint, CH), 2.32 (d, CH2) ppm). The crown ether appears fluxional on the NMR 
time scale, and a very broad signal at lower field (δ14 = 3.77 ppm) is observed (free 18-
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crown-6 in [D8]THF: δ = 3.57 ppm). These data suggest a donor-acceptor interaction 
between both species, despite the large excess of donor solvent. This interaction has to 
be considerably weakened compared to the solid state, as no σ- but only η3-allyl 
ligands can be observed. The coordination sphere around calcium has to be more 
flexible in order to accommodate the increased steric demand of two trihapto ligands 
together with 18-crown-6.  
 
Figure B.2.2-3. 1H NMR spectrum of 14 in [D8]THF (*) at 25 °C. $ denotes impurities due to 
ether cleavage. 
A variable-temperature 1H NMR experiment showed no coupling patterns 
attributable to σ-allyl ligands, even at −95 °C. Similar to the parent compound 5, 
adduct 14 shows inequivalent terminal cis and trans protons at that temperature. For 
14, the corresponding doublets appear well separated (2.16 ppm, 3JHH = 13.8 Hz and 
1.82 ppm, 3JHH = 7.8 Hz). This is in contrast to still overlapping doublets observed for 
5 (2.25 and 2.19 ppm). Whereas the proton resonances begin broadening/decoalescing 
at ca. −40 °C for bis(allyl)calcium (5), this process begins already at 0 °C for 14. This 
is in agreement with an interaction between 18-crown-6 and the allyl calcium complex 
and a decreased dynamic behavior of the allyl ligands in 14. A possible explanation for 
the failure to observe η1-allyl bonding at low temperature is given by the low- energy 
difference between the σ- and the π-bound allyl anions (see above). Consequently, 
dynamic processes will not be frozen out even at −95 °C. A more speculative 
explanation might be the dissociation of 14 into solvent-separated ions (e.g., [Ca(18-
crown-6)(THF)2]
2+ and two [C3H5]
−). For the discussed solution properties, it has to be 
kept in mind that (polydentate) ether degradation products 15 were always present and 
the formation of heteroleptic species, e.g., [Ca(C3H5){OC2H4(OC2H4)nOCHCH2}], 
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cannot be excluded. Attempts to obtain NMR spectra free of decomposition products 
failed. When THF solutions of both reagents were mixed at room temperature, 14 
immediately precipitated from the pale yellow solution. When left standing for hours, 
the precipitate completely dissolved, forming a red solution. Accordingly, 1H NMR 
spectra of 14 in [D8]THF displayed resonances that were assigned to propene and 
vinyloxy fragments as the result of crown ether degradation (Scheme B.2.2-1). A half 
life of t1/2 = 2.5 h was determined by 
1H NMR spectroscopy. The vinylic CH proton 
resonances are diagnostic of such ring degradation and compare well to those reported 
earlier.[8a,b,17] These signals at around 6.5 ppm revealed the presence of at least three 
different vinyl-terminated alkoxy ligands in non-equimolar amounts. GC/MS analysis 
determined the calcium alkoxide [Ca{OC2H4(OC2H4)nOCHCH2}2] (15), where n = 0, 
1 appears to be predominant. Fluxional behavior where the polydentate alkoxides and 
([D8])THF compete for coordination is proposed rather than a replacement of all 
solvent molecules from the calcium center. To determine the THF content of 
decomposition products 15, a sample of 14 in THF was allowed to decompose 
overnight. After drying in vacuo, a viscous red oil was obtained. This mixture of 
degradation products did not contain THF, but intact 18-crown-6 among 15, as 
determined by 1H NMR spectroscopy. This suggests that the ether scission is not 
stoichiometric and that once the crown ether is cleaved, more than only one additional 
deprotonation may occur at the same (opened) polyether chain. This is in line with the 
observation of at least three vinyl-terminated alkoxy ligands and the formula of 15 
where n = 0. 
To determine how the presence of bulky groups on the allyl affected the formation of 
the crown ether complex, the calcium allyl [Ca(η3-1,3-(SiMe3)2C3H3)2(THF)2]
[13c] was 
treated with an equivalent of 18-crown-6 in THF at room temperature. The solution 
became yellow and then orange on continued stirring, but no precipitate was observed. 
After overnight stirring, solvent was removed under vacuum from the now red-orange 
solution, leaving an oily solid. 1H NMR spectroscopy in C6D6 confirmed the presence 
of some intact (and coordinated) 18-crown-6 (δ = 3.49 ppm), along with evidence for 
vinyl-terminated alkoxy ligands (e.g., multiple resonances around δ = 6.4 ppm). Also 
apparent was the complete conversion of the allyl ligand into the trimethylsilylated 
propene, 1,3-(SiMe3)2C3H4, as a byproduct from ether degradation.
[18] This suggests a 
nonstoichiometric ether cleavage, as was observed for 14. There was no evidence of 
the starting allyl complex. Repeating the experiment at −30 °C produced similar 
results. It may be that in this system the bulky substituents on the ligand serve to 
destabilize an allyl crown ether complex. 
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Isolation of [Ca(Me3TACD)(C3H5)]2 (16). 
 
Scheme B.2.2-2. Synthesis of [Ca(µ-Me3TACD)(η
3-C3H5)]2 (16) and reaction with pyridine. 
 
When THF solutions of bis(allyl)calcium and (Me3TACD)H were mixed at ambient 
temperature, [Ca(Me3TACD)(C3H5)]2 (16) precipitated as a colorless solid in high 
yield (crude) (Scheme B.2.2-2). Compound 16 can be isolated as colorless block-like 
single crystals from a “mixture” of the layered reactants at 25 °C in THF in 78% yield. 
The molecular structure of 16 in the solid state is depicted in Figure B.2.2-4. Due to 
heavy disorder of the (Me3TACD)
− ligand and poor quality of the crystal data, bonding 
parameters will not be discussed.  
 
 
Figure B.2.2-4. Molecular structure of compound 16 in the solid state. Only one of two 
similar but crystallographic independent molecules is shown. Displacement ellipsoids are 
shown at the 25% probability level. Hydrogen atoms omitted for clarity. 
 
Product 16 was refined in the orthorhombic space group Pbam (No. 55) with two 
crystallographically identical molecules per unit cell. The dimeric structure of 16 is 
highly symmetrical and shows bridging, tetradentate (Me3TACD)
− ligands. The allyl 
ligands bind to the calcium center in an η3-fashion. Despite crystallization from THF, 
no coordinating solvent molecules were found. 
Detailed solution analysis of the dimeric complex is hindered by its low solubility, 
but diluted solutions of [Ca(Me3TACD)(η
3-C3H5)]2 in [D8]THF give conclusive NMR 
data (see experimental section). The macrocyclic Me3TACD ligand displays fluxional 
behavior on the NMR timescale, as indicated by broad 1H NMR resonances. In the 
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presence of THF, 16 decomposes slowly over a period of weeks to give a dark purple 
mixture of products. The detailed decomposition pathway was not investigated.  
Compound 16 reacts rapidly with ([D5])pyridine to yield 
[Ca(Me3TACD)(NC5D5/H5-4-C3H5)] (([D5])17). This product is formed from insertion 
of pyridine into the remaining allyl metal bond and shows a slightly increased 
solubility in THF and pyridine. 17 was identified based on characteristic proton 
resonances of the (NC5D5-4-C3H5)
− ligand. Again, the macrocyclic ligand shows 
dynamic behavior on the NMR timescale. In pyridine solution, 17 decomposes over 
the period of days. Conclusions from NMR spectra of the purple reaction mixtures 
suggest a similar decomposition pathway as observed for 14 and 16. More conclusive 
observations were made when [Ca(Me3TACD)(η
3-C3H5)]2 (16) was converted with H2 
(see chapter B.5.); vinylic proton resonances indicated degradation of the TACD ring 
in agreement with the decomposition pathway of 18-crown-6 in adduct 14. 
Independent synthesis of 17 was attempted (Scheme B.2.2-3). Upon mixing in situ 
generated [Ca(NC5H5-4-C3H5)2] (27) with (Me3TACD)H, 
1H NMR spectroscopic 
analysis revealed coexistence of the reactants. Over the course of 2 d, the signals 
assigned to (Me3TACD)H changed from very broad to sharp. Decreased dynamic 
behavior is also observed for the (NC5H5-4-C3H5) ligand, as only one set of signals 
was observed in the 1H NMR spectrum in [D8]THF. This is in contrast to the 
observation of two signal sets for neat 27 in [D8]THF (see Chapter B.4).  
 
Scheme B.2.2-3. Proposed reaction of 27 and (Me3TACD)H. This reaction is very slow and 
yields 17 in small amounts. 
Prolonged reaction times led to the formation of small amounts of pyridine and 
propene as products from slow deprotonation of (Me3TACD)H and formation of 17. 
The proposed reaction is depicted in Scheme B.2.2-3. Extended reaction times led to 
the formation of various other products and detailed analysis of NMR spectra proved 
unsuccessful.  
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Reaction of Bis(allyl)calcium with Me4TACD and Formation of 
[Ca(C3H5)2(Me4TACD)] (18) 
 
Scheme B.2.2-4. In situ formation of adduct [Ca(C3H5)2(Me4TACD)] (18).  
 
When THF solutions of 5 and Me4TACD were combined at ambient temperature, a 
colorless precipitate of [Ca(C3H5)2(Me4TACD)] (18) was formed within seconds. 
Small amounts of the product remained in solution and the 1H NMR spectrum of the 
reaction mixture showed a 1:1 mixture of bis(allyl)calcium and Me4TACD. The η
3-
allyl resonances were shifted to lower field, compared to the parent compound (δ18 = 
2.41 (d, CH2), 6.51 (quint, CH); (δ5 = 2.32 (d, CH2), 6.28 (quint, CH)). The Me4TACD 
ligand showed one singlet for the N-CH3 groups and very broad resonances assigned 
to the ethylene groups, characteristic for a dynamic behavior on the NMR timescale. 
Within 1 h, traces of decomposition products were evident from 1H NMR spectra in 
[D8]THF. After 30 h, no (C3H5)
− signals were observed, but stoichiometric amounts of 
propene and vinylic groups were apparent from NMR spectra. This suggests complete 
decomposition of 18. 
18 was isolated as single crystals from a cooled (−35 °C) “mixture” of the layered 
reactants in THF. The solvent content in crystalline 18 was not determined, as this 
product proved to immediately start decomposing when brought to ambient 
temperature.  
 
B.2.3. Conclusion 
Adducts of bis(allyl)calcium and (aza)crown ethers can be easily isolated by 
precipitation or crystallization from the reaction mixtures. The obtained complexes 
show decreased solubility in THF. Decomposition reactions yield ring-opened calcium 
alkoxides or amides with concomitant release of propene. Degradation of 18-crown-6 
is much faster than degradation of the Me3TACD
− ligand. 
The stability of the corresponding products may depend on the basicity of the 
remaining (allyl) ligand(s), complex nuclearity, and charge and ring strain of the 
(aza)crown ether ligand. 
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B.2.4. Experimental Section 
[Ca(η
3
-C3H5)(η
1
-C3H5)(18-crown-6)] (14). [Ca(C3H5)2] (5) (30 mg, 0.25 mmol) was 
dissolved in THF (0.5 mL) and THF (1.5 mL) was added by slow layering. A solution 
of 18-crown-6 (66 mg, 0.25 mmol) in THF (0.5 mL) was slowly added as a top layer. 
The vial containing the layered reactants was carefully placed in the freezer at −35 °C. 
The product was isolated as colorless crystals (62 mg, 0.16 mmol, 64%) after one 
night. Anal. Calcd for C18H34CaO6 (386.54): Ca, 10.37; found: Ca, 10.77. 
1H NMR 
(400.1 MHz, [D8]THF, 24 °C): δ = 2.15 (d, 
3
JHH = 11.3 Hz, 8H, CH2
allyl), 3.77 (br, 
24H, CH2
crown), 6.26 (quint, 3JHH = 11.5 Hz, 2H, CH
allyl). 13C NMR (100.6 MHz, 
[D8]THF, 24 °C): δ = 58.17 (CH2
allyl), 71.03 (br, CH2
crown), 149.88 (CHallyl). 
When complete decomposition was allowed, the resulting red solution gave the 
following NMR data for different vinylic alcoholates: 1H NMR (400.1 MHz, [D8]THF, 
24 °C): δ = 4.25-3.50 (br m, CH2
cleaved crown), 4.19-3.63 (numerous dd with 
2
JHH = 1.8 Hz, 
3
JHH = 6.3-14.4 Hz, CH2
vinyl), 6.53/6.47/6.46 (3 x dd, 3JHH = 6.3, 
13.8 Hz / 6.8, 14.3 Hz / 6.8, 14.3 Hz, CHvinyl). 13C NMR (100.6 MHz, [D8]THF, 
24 °C): δ = 71.68-67.34 (CH2
cleaved crown), 86.64 / 86.52 / 86.40 (CH2
vinyl), 153.00 / 
152.96 / 152.80 (CHvinyl). 
 
[Ca(Me3TACD)(η
3
-C3H5)]2 (16). A solution of [Ca(C3H5)2] (5) (27 mg, 0.22 mmol) 
in THF (1 mL) was first layered with THF (1.5 mL), then with a solution of 
(Me3TACD)H (47 mg, 0.22 mmol) in THF (1 mL). Storing this mixture at ambient 
temperature overnight led to the formation of colorless single crystals, which were 
isolated after washing with THF and drying under reduced pressure (50 mg, 
0.085 mmol, 77%). The yield was strongly dependent on the purity of (Me3TACD)H. 
1H NMR (400.1 MHz, [D8]THF, 25 °C): δ = 2.10-2.16 (br m, 8H, CH2), 2.16-2.37 (br, 
14H, NCH3 and CH2
allyl), 2.41 (s, 12H, NCH3), 2.45-2.61 (br m, 8H, CH2), 2.70-2.85 
(br m, 8H, CH2), 2.95-3.15 (br m, 8H, CH2), 6.36 (quint, 
3
JHH = 12.1 Hz, 2H, CH
allyl). 
Due to low solubility of 16, no detailed assignment of the 1H NMR and no 13C data are 
given. 
 
In situ formation of [Ca(Me3TACD)(NC5D5-4-C3H5)(L)n] ([D5]17). A sample of 16 
was dissolved in [D5]py and quantitative formation of [D5]17 was observed by NMR 
analysis. 1H NMR (200 MHz, [D5]py, 25 °C): δ = 2.07 (s, 6H, NCH3), 2.15-2.25 (m, 
10H, CH2 and CH2
allyl), 2.58 (s, 3H, NCH3), 2.76 (m, 2H, CH2), 3.17 (m, 4H, CH2), 
3.70 (m, 2H, CH2), 5.19 (dm, 
3
JHH = 10.5 Hz, 1H, CH2
cis,allyl), 4.50 (dm, 
3
JHH = 15.0 Hz, 1H, CH2
trans,allyl), 6.29 (m, 1H, CHallyl).  
Calcium Allyl Complexes Supported by (Aza)Crown Ethers 
 
 55   
 
[Ca(C3H5)2(Me4TACD)] (18). [Ca(C3H5)2] (5) (15 mg, 0.12 mmol) was dissolved in 
THF (0.3 mL) and THF (1 mL) was added by slow layering. A solution of Me4TACD 
(27 mg, 0.12 mmol) in THF (0.3 mL) was slowly added as a top layer. The vial 
containing the layered reactants was carefully placed in the fridge at −35 °C. The 
product was isolated as colorless crystals (55 mg) after one night. A yield of 39% was 
determined after 1H NMR analysis of the product (empirical composition 18·(THF)11). 
1H NMR (200 MHz, [D8]THF, 25 °C): δ = 2.05-3.00 (br m, 16H, CH2), 2.41 (d, 
3
JHH = 
12.2 Hz, 8H, CH2
allyl), 2.52 (s, 12H, NCH3), 6.51 (quint, 
3
JHH = 12.1 Hz, 2H, CH
allyl). 
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B.3. REACTIVITY OF BIS(ALLYL)CALCIUM TOWARDS LEWIS AND BRØNSTED 
ACIDS AND CATION FORMATION 
B.3.1. Introduction 
It is commonly accepted that monocationic complexes can exhibit a significantly 
different reactivity compared to their neutral counterparts. This phenomenon was 
thoroughly studied for compounds of metals of the groups 3, 4, and 13 and it was 
shown that examples of cationic complexes display an increased electrophilicity and 
Lewis acidity.[1] Few monocationic complexes of group 2 metals have been reported 
and [Ca(C5Me5)(OPPh3)3][I] is the only fully characterized calcium containing 
example thereof. This unprecedented compound was obtained by displacement of 
iodide in [Ca(C5Me5)(I)(THF)2] by triphenylphosphine oxide ligands. Lewis and 
Brønsted acids are also commonly used for the generation of cationic complexes 
(Scheme B.3.1-1). 
 
 
Scheme B.3.1-1. Generation of cationic complexes by addition of Brønsted or Lewis acids. 
M = Alkaline earth metal; E = B, Al; R1 = (hetero)organic ligand; R2,3 = alkyl, aryl. 
 
Reagents like ammonium borates or boranes yield the dealkylated monocationic 
products by ligand abstraction. However, detailed studies of monocationic derivatives 
of organalkaline earth metal complexes are hampered by fast Schlenk equilibration, 
resulting in bis(organo)metal compounds and salt-like dicationic products.  
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B.3.2. Results and Discussionc 
 
Reaction of [Ca(C3H5)2] with [NEt3H][BPh4] 
 
Scheme B.3.2-1. Generation of monocationic 19·(L)n with [NEt3H][BPh4] and Schlenk-type 
equilibrium towards 20·(L)n. L = THF, NEt3. 
The reaction of bis(allyl)calcium (5) with stoichiometric amounts of [NEt3H][BPh4] 
in THF resulted in quantitative formation of the ion pair [Ca(η3-C3H5)(L)n][BPh4] 
(19·(L)n, L = THF, NEt3) with concomitant release of NEt3 and propene (Scheme 
B.3.2-1). 19 was identified by in situ 1H NMR spectroscopy and showed a 
characteristic resonance pattern of an (η3-C3H5)
− ligand (d at 2.34, quint at 6.37 ppm, 
Figure B.3.2-1) at lower field compared to the parent compound 5.  
 
 
Figure B.3.2-1. 1H NMR spectrum of 19 in [D8]THF (*) at 25 °C. $ denotes propene. 
 
The tetraphenylborate counteranion showed unexceptional resonances in the 1H and 
13C NMR spectra. Attempts of isolation failed due to Schlenk equilibration and the 
                                                           
c Published parts of this chapter: 1) C. Lichtenberg, P. Jochmann, T. P. Spaniol, J. Okuda, Angew. 
Chem. Int. Ed. 2011, 50, 5753. 
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salt-like product [Ca(L)n][BPh4]2 (20·(L)n) was obtained after crystallization from 
THF, THF/pentane or precipitation by addition of pentane. 
 
Reaction of [Ca(C3H5)2] with [BPh3] and Isolation of [Ca(18-crown-
6)(THF)2][BPh3(C3H5)]2(THF)3 (21) 
 
Scheme B.3.2-2. Generation of monocationic 22·(L)n and isolation of 21. 
 
The reaction of bis(allyl)calcium (5) with stoichiometric amounts of BPh3 in THF 
resulted in quantitative formation of the ion pair [Ca(η3-C3H5)(L)n][BPh3(C3H5)] 
(22·(THF)n) (Scheme B.3.2-1). 22 was identified by NMR spectroscopy (Figure 
B.3.2-2) and showed resonances for (η3-C3H5)
− (d at 2.32, quint at 6.38 ppm) and (η1-
C3H5)
− (d at 1.91, dd at 4.27, dm at 4.46 ppm) ligands in a 1:1 ratio.  
 
Figure B.3.2-2. 1H NMR spectrum of 22 in [D8]THF (*) at 25 °C. 
The lowfield shift of the trihapto ligands and the highfield shift of the monohapto 
ligands are in agreement with the ionic formula for 22. Within days, NMR spectra 
displayed additional and multiple low intensity 1H and 13C resonances for all ligands. 
This is most likely the result of complete ligand scrambling. Attempted isolation of 22 
resulted in the formation of bis(allyl)calcium (5) and calcium allyltriphenylborate as 
products of Schlenk equilibration. 
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The addition of equimolar amounts of 18-crown-6 to in situ generated 22 did not 
hinder Schlenk equilibration, but led to isolation of colorless single crystals of [Ca(18-
crown-6)(THF)2][BPh3(η
1-C3H5)]2(THF)3 (21) from THF at −27 °C (38% yield). The 
molecular structure of 21 in the solid state is depicted in Figure B.3.2-3.  
 
 
Figure B.3.2-3. Molecular structure of compound 21 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms and non-coordinating THF 
molecules omitted for clarity. Selected bond lengths (Å) and angles (°): Ca1–O1, 2.6302(19); 
Ca1–O3, 2.5809(18); Ca1–O7, 2.3129(19); Ca1–O8, 2.2999(19); B1–C21, 1.668(4); B1–
C24, 1.647(4); B1–C30, 1.643(4); B1–C36, 1.646(3); C21–C22, 1.487(3); C22–C23, 
1.319(4); O7–Ca1–O8, 173.00(7); C24–B1–C36, 109.9(2); 107.4(2); C45–B2–C57, 109.2(2); 
C42–C43–C44, 127.5(3). 
 
Compound 21 crystallizes in the monoclinic space group P21/n (No. 14). The 
dicationic calcium center is surrounded by one 18-crown-6 and two THF molecules in 
a hexagonal bipyramidal fashion. The THF molecules occupy the apical positions with 
an O7-Ca1-O8 angle of 173.00(7)° slightly deviating from linearity. The crown ether 
ligand is located in the equatorial plane and exhibits almost symmetrical coordination 
(bond lengths between 2.5809(18) Å (Ca1–O3) and 2.6314(18) Å (Ca1–O6)) with the 
metal center being somewhat drawn towards oxygen atoms O1-3. These Ca–O 
distances compare well to other compounds of calcium with 18-crown-6.[2] The 
[BPh3(η
1-C3H5)]
− anions display tetrahedral angles ranging from 104.22(19)° (C21-
B1-C36) to 112.9(2)° (C51-B2-C57) and carbon boron distances between 1.642(4) Å 
(B2–C57) and 1.669(4) Å (B2–C42). The allyl substituent is η1-bound to the boron 
atom, evident from alternating single and double bond lengths of 1.487(3) Å (C21–
C22), 1.319(4) Å (C22–C23), 1.502(4) Å (C42–C43), and 1.302(4) Å (C43–C44). The 
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observed C−B bond distances lie in the typical range for tetraphenylborate anions.[2a,3] 
However, the allyltriphenylborate anion was only rarely employed and never 
structurally characterized.[4]  
 
Reaction of [Ca(C3H5)2] with BPh3 and (Me3TACD)H 
 
Scheme B.3.2-3. In situ formation of [Ca(Me3TACD)][BPh3(η
1-C3H5)] (23).  
 
The reaction of in situ generated [Ca(η3-C3H5)(L)n][BPh3(η
1-C3H5)] (22·(L)n) with 
stoichiometric amounts of (Me3TACD)H resulted in the quantitative formation of the 
ion pair [Ca(Me3TACD)][BPh3(η
1-C3H5)] (23) and stoichiometric release of propene 
(Scheme B.3.2-3). 23 was identified by 1H NMR spectroscopy and displayed 
resonances for (η1-C3H5)
− ligands at lower field (br at 1.93, dd at 4.29 and 4.47, m at 
5.83 ppm). Proton resonances for (Me3TACD)
− were observed as numerous multipletts 
between 2.00 and 3.18 ppm. The observation of sharp multipletts instead of broad 
signals for the macrocycle might result from a rigid coordination of (Me3TACD)
− to 
the calcium cation. 
Crystallization over night afforded colorless crystals of unknown composition. 
However, NMR analysis of the supernatant solution showed no changes in 
composition, but a decrease in concentration (ca. 50%). Hence, it is most likely that 
the observed crystals consist of [Ca(Me3TACD)(THF)n][BPh3(C3H5)] (23·(THF)n).  
 
Reaction of [Ca(C3H5)2] with [Al(CH2SiMe3)3] and Isolation of 
[Ca(THF)6][Al(CH2SiMe3)3(C3H5)]2 (24) 
 
 
Scheme B.3.2-4. Generation of ion pair 25 with [Al(CH2SiMe3)3] and isolation of 24. 
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The reaction of bis(allyl)calcium (5) with stoichiometric amounts of 
[Al(CH2SiMe3)3] resulted in the quantitative formation of the ion pair [Ca(η
3-
C3H5)][Al(CH2SiMe3)3(η
1-C3H5)] (25, Scheme B.3.2-4). 25 was identified by NMR 
spectroscopy (Figure B.3.2-4) and showed resonances for η3-C3H5
− (d at 2.36, quint at 
6.41 ppm) and η1-C3H5
− (br s at 0.92, dd at 3.95 and 4.15, ddt at 6.03 ppm) ligands in 
a 1:1 ratio. The lowfield shift of the trihapto ligands and the highfield shift of the 
monohapto ligands are in agreement with the ionic formula of 25. Attempted isolation 
of 25 by evaporation of the solvent or crystallization from a THF/pentane mixture 
resulted in the formation of [Ca(THF)6][Al(CH2SiMe3)3(η
1-C3H5)]2 (24). Compound 
24 was isolated as colorless block-like single crystals in 96% yield and the molecular 
structure in the solid state is depicted in Figure B.3.2-5.  
 
Figure B.3.2-4. 1H NMR spectrum of 25 in [D8]THF (*) at 25 °C. 
 
Figure B.3.2-5. Molecular structure of compound 24 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): Ca1–O1, 2.3456(12); Ca1–O2, 2.3391(13); Al1–
C1, 2.045(2); Al1–C4, 2.011(2); C1–C2, 1.472(3); C2–C3, 1.320(4); O1–Ca1–O2, 89.58(5) / 
90.42(5); C1–Al1–C4, 108.83(10); C1–C2–C3, 128.5(3). 
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Compound 24 crystallizes in the monoclinic space group C2/c (No. 15). The 
molecular solid state structure consists of a dicationic [Ca(THF)6]
2+ octahedron and 
two identical [Al(CH2SiMe3)3(η
1-C3H5)]
− anions. The calcium oxygen distances within 
the cationic unit vary from 2.3456(12) Å (Ca1–O1) to 2.3290(13) Å (Ca1–O3), which 
is comparable to similar [Ca(THF)6]
2+ tetraorganylaluminates.[5] The observed 
aluminum carbon bond distances range from 2.011(2) Å (Al1–C4) to 2.024(2) Å (Al1–
C12), which is similar to Al–C bond lengths reported for other [Al(CH2SiMe3)4]
− 
anions.[6] However, [Al(CH2SiMe3)3(η
1-C3H5)]
− was never structurally characterized. 
 
Reaction of [Ca(C3H5)2] with B(C6F5)3 
 
Scheme B.3.2-5. Attempted generation of monocationic allylcalcium complexes with 
B(C6F5)3. 
The reaction of bis(allyl)calcium (5) with stoichiometric amounts of B(C6F5)3 
resulted in a mixture of products (Scheme B.3.2-5). The in situ 1H NMR spectrum 
displayed one (η3-C3H5)
− and four (η1-C3H5)
− coupling patterns in an approximate 
ratio of 1:5. This indicates the abstraction of more than one allyl ligand from the 
calcium complex to form several (η1) allylboron species. Similar observations were 
described for the reaction of bis(allyl)calcium with BPh3. The increased Lewis acidity 
of B(C6F5)3 compared to BPh3 is regarded to be the reason for the abstraction of more 
than one allyl ligand from the calcium center instead of clean formation of 
[Ca(C3H5)(L)n][B(C6F5)3(C3H5)]. No efforts were undertaken to separate the product 
mixture. No changes in the NMR spectra were observed within one day. 
 
Reaction of [Ca(C3H5)2] with [PhNMe2H][B(C6F5)4] 
 
Scheme B.3.2-6. Generation of monocationic 26·(L)n with [PhNMe2H][B(C6F5)4] and 
subsequent decomposition. 
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The reaction of bis(allyl)calcium (5) with stoichiometric amounts of 
[PhNMe2H][B(C6F5)4] resulted in the formation of [Ca(η
3-C3H5)(L)n][B(C6F5)4] 
(26·(L)n, L = THF, PhNMe2) with concomitant release of PhNMe2 and propene 
(Scheme B.3.2-6). Product 26 was identified by in situ 1H NMR spectroscopy and 
showed a characteristic resonance pattern of an η3-C3H5
− ligand (d at 2.38, quint at 
6.44 ppm) at lower field compared to the parent compound 5. After 22 h a color 
change to red was observed and the resulting 1H NMR spectrum showed no η3-allyl 
coupling pattern, but only one η1-allyl coupling pattern (d at 3.36, dd at 4.99, m at 
5.88 ppm). During 4 d, the red color faded. The reaction was monitored by 13C and 19F 
NMR spectroscopy. This revealed multiple signals in different chemical environments 
for the aromatic C−F groups. Based on these observations, it is proposed that 26 
decomposes via allyl transfer from calcium to boron and C−F bond activation to yield 
undefined complexes of calcium fluoride.  
 
Reaction of [Ca(C3H5)2] with [Ph3C][B(C6F5)4] 
 
Scheme B.3.2-7. Generation of monocationic 26·(L)n with [Ph3C][B(C6F5)4] and subsequent 
decomposition. 
The reaction of bis(allyl)calcium (5) with stoichiometric amounts of 
[Ph3C][B(C6F5)4] resulted in the formation of [Ca(η
3-C3H5)(L)n][B(C6F5)4] (26·(L)n, 
L = THF, Scheme B.3.2-7). Compound 26 decomposed in course of days, as described 
above. 1H, 13C, and 19F NMR spectra revealed the same decomposition pathway as 
described for 26 in the presence of PhNMe2 and propene (see above). This is in 
agreement with a decomposition reaction involving fluoride abstraction from a C6F5-
substituent. 
Compared to NMR data reported for isolated (C3H5)CPh3 (in CDCl3), the aliphatic 
CH2 groups display a considerable highfield shift in the obtained 
1H NMR spectra (in 
[D8]THF).
[7]  
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Polymerization of 1,3-Butadiene with Neutral and Cationic Allylcalcium Complexes 
 
Scheme B.3.2-8. Polymerization of butadiene and possible microstructures of PBD. 
The polymerization of 1,3-butadiene with catalytic amounts of bis(allyl)calcium (5) 
and [Ca(η3-C3H5)][BPh3(η
1-C3H5)] (22), generated in situ by mixing equimolar 
amounts of 5 and BPh3, was investigated (Scheme B.3.2-8). The applied conditions 
and PBD properties are summarized in Table B.3.2-1. For parent compound 5, PBD 
was obtained in excellent yield after 20 h reaction time at 45 °C and with 1 mol% 5 
(Table B.3.2-1, entry 1). The yield was dramatically decreased when lower catalyst 
loadings were used at ambient temperature (Table B.3.2-1, entries 2 and 3). 
Polymerization at 45 °C for 20 h and 5 mol% 5 added resulted in PBD in 75% yield 
(Table B.3.2-1, entry 4). All polymers obtained from reactions with bis(allyl)calcium 
displayed narrow molecular weight distributions, as evident from GPC analysis. PBD 
obtained from the reaction at 45 °C with 0.1 mol% of 5 added showed a bimodal 
molecular weight distribution (Table B.3.2-1, entry 3). All products showed an 
enrichment of 1,4-trans-PBD, as expressed by ratios of (1,2-PBD/1,4-PBD) and (1,4-
cis/1,4-trans) being smaller than 1. Attempted polymerization of 1,3-butadiene with 
ionic 22 failed to produce PBD, even at 45 °C and 1 mol% catalyst loading. 
 
Table B.3.2-1. Polymerization of 1,3-butadiene with neutral and cationic allyl calcium 
complex (22). 
a: equimolar mixture of Ca(C3H5)2 / BPh3. 
 
entry catalyst 
n(cat) / 
n(mon) 
t (T)  
/ h (°C) 
yield 
/ % 
Mw(Mn)  
/ 103 g/mol 
PDI 
1,2 / 
1,4 
1,4-cis / 
1,4-trans 
1 5 0.01 20 (45) 99 6.596 
(5.750) 
1.15 0.92 0.81 
2 5 0.001 5 (25) 0 - - - - 
3 5 0.001 20 (45) 6 15.662 
(11.130) 
1.41 0.29 0.43 
4 5 0.05 20 (45) 75 48.212 
(39.743) 
1.21 0.90 0.49 
5 22a 0.01 20 (25) 0 - - - - 
6 22a 0.01 20 (45) 0 - - - - 
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The activity of 5, but the inactivity of 22 in 1,3-butadiene polymerization hints at an 
anionic mechanism for the polymerization of butadiene initiated by 5. 
 
Attempted Polymerization of Ethylene 
The in situ generated monocationic complexes 22 and 25 were tested for their 
catalytic potential in ethylene polymerization. For comparison, the parent compound 
[Ca(C3H5)2] (5) was also studied.  
Table B.3.2-2 summarizes the applied reaction conditions for the attempted 
polymerization of ethylene with catalysts 5, 22 and 25. Even at high catalyst 
concentrations of ca. 33 mM, elevated temperatures of 50 °C, and reaction times up to 
72 h, no polyethylene was obtained. 1H NMR spectroscopy of the unquenched reaction 
mixtures proved the active species 5, 22 and 25 to be present after each individual 
experiment. This excludes the deactivation of compounds 5, 22 and 25 prior to 
polymerization. 
 
Table B.3.2-2. Polymerization of ethylene with neutral and cationic allylcalcium complexes. 
entry catalyst 
m(catalyst)  
/ mg 
V(THF)  
/ mL 
c(catalyst)  
/ mmol/L 
T  
/ °C 
t  
/ h 
m(PE)  
/ mg 
1 Ca(C3H5)2 (5) 30 100 2.45 30 24 0 
2 Ca(C3H5)2 (5) 100 25 32.73 25 24 0 
3 Ca(C3H5)2 (5) 100 25 32.73 50 72 0 
4 Ca(C3H5)2 / BPh3 (22) 100 / 198 25 32.73 25 19 0 
5 Ca(C3H5)2 / BPh3 (22) 100 / 198 25 32.73 50 7 0 
6 Ca(C3H5)2 / AlR3 (25) 100 / 236 25 32.73 25 26 0 
7 Ca(C3H5)2 / AlR3 (25) 100 / 236 25 32.73 50 50 0 
 
B.3.3. Conclusion 
The in situ generation of monocationic allylcalcium complexes was shown to 
proceed smoothly by addition of Brønsted or Lewis acids. Isolation of the 
monocationic species was prevented by rapid Schlenk equilibration resulting in the 
formation of homoleptic compounds. Only salt-like calcium compounds were isolated. 
The use of fluorinated boron acids enables degradation reactions via C−F bond 
activation and initially formed allylcalcium monocations decompose during the course 
of one day. This proves fluorinated boron reagents unsuitable for the synthesis of 
monocationic calcium complexes. 
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The polymerization of 1,3-butadiene was achieved with the parent compound 5. 
Ionic allylcalcium borate 22 failed to initiate the polymerization of 1,3-butadiene. 
Ethylene was not polymerized by either of the neutral or monocationic calcium borate 
or aluminate complexes. This implies an anionic polymerization mechanism. Whereas 
allyl ligands in 5 are basic enough to initiate the polymerization of butadiene, the 
monocationic counterparts cannot achieve monomer activation. Notably, the reactions 
were performed in THF and a strong coordination is expected especially for cationic 
compounds. This may hinder the approach of olefinic monomers towards the metal 
center and quenches polymerization activity. 
 
 
B.3.4. Experimental Section 
In situ formation of [Ca(η
3
-C3H5)(L)n][BPh4] (19·(L)n) and isolation of 
[Ca(L)n][BPh4] (20·(L)n, L = [D8]THF, NEt3). A solution of [NEt3H][BPh4] (52 mg, 
0.12 mmol) in [D8]THF (0.3 mL) was added to a solution of bis(allyl)calcium (15 mg, 
0.12 mmol) in [D8]THF (0.3 mL). Within 10 min, a colorless precipitate was formed 
and removed by filtration. 19 was identified from the supernatant solution; the 
precipitate was identified as 20. 19: 1H NMR (400.1 MHz, [D8]THF, 25°C): δ = 2.34 
(d, 4H, 3JHH = 11.8 Hz, CH2CHCH2), 6.37 (quint, 1H, 
3
JHH = 11.8 Hz, CH2CHCH2), 
6.73 (t, 4H, 3JHH = 7.2 Hz, p-CH
Ar), 6.87 (t, 8H, 3JHH = 7.2 Hz, m-CH
Ar), 7.28 (br, 8H, 
o-CHAr). {1H}S13C NMR (100.6 MHz, [D8]THF, 25°C): δ = 59.58 (CH2CHCH2), 
121.85 (p-CAr), 125.68 (q, 3JBC = 2.6 Hz, m-CH
Ar), 137.11 (o-CHAr), 149.28 
(CH2CHCH2), 164.95 (q, 
1
JBC = 49.4 Hz, i-CH
Ar).  
20: 1H NMR (400.1 MHz, [D5]Py, 25°C): δ = 7.04 (t, 8H, 
3
JHH = 7.2 Hz, p-CH
Ar), 7.21 
(t, 16H, 3JHH = 7.2 Hz, m-CH
Ar), 7.97 (br, 16H, o-CHAr). {1H}13C NMR (100.6 MHz, 
[D5]Py, 25°C): δ = 134.25 (p-CH
Ar), 138.06 (q, 3JBC = 2.9 Hz, m-CH
Ar), 149.09 (o-
CHAr), 176.74 (q, 1JBC = 49.4 Hz, i-CH
Ar) 
 
[Ca(18-crown-6)(THF)2][B(C6H5)3(η
1
-C3H5)]2(THF)3
 
(21). A solution of BPh3 
(79 mg, 0.33 mmol) in THF (0.5 mL) was added to a solution of bis(allyl)calcium 
(40 mg, 0.33 mmol) in THF (1 mL). After addition of 18-crown-6 (86 mg, 0.33 mmol) 
in THF (0.5 mL) and stirring for 10 min, the reaction mixture was cooled to −27°C. 
The product could be isolated as colorless crystals, suitable for X-ray structure 
determination (76 mg, 0.062 mmol, 38%). Due to poor solubility in [D8]THF, no H,H 
coupling constants are reported in this solvent. Application of 0.75 mL of a mixture of 
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[D8]THF/[D5]Py (2:1) resulted in a slight increase of solubility and more reliable data. 
In this spectrum, all chemical shifts were referenced to the solvent residual peak of 
[D8]THF at 3.58 ppm. 21: 
1H NMR (400.1 MHz, [D8]THF / [D5]Py, 25°C): δ = 1.67 
(m, 20H, THF), 2.27 (br, 4H, CH2CHCH2), 3.54 (s, 24H, 18-crown-6), 3.61 (m, 20H, 
THF), 4.50 (ddd, 2JHH = 3.8 Hz, 
3
JHH = 9.8 Hz, 
4
JHH = 0.7 Hz, 2H, CH2CHCH2
cis), 4.74 
(ddm, 2JHH = 3.8 Hz, 
3
JHH = 17.1 Hz, 2H, CH2CHCH2
trans), 6.17 (ddt, 2H, 
CH2CHCH2), 6.86 (tt, 
3
JHH = 7.2 Hz, 
4
JHH = 1.4 Hz, 6H, p-CH
Ar), 7.03 (t, 3JHH = 
7.4 Hz, 12H, m-CHAr), 7.55 (m, 12H, o-CHAr). {1H}13C NMR (100.6 MHz, 
[D8]THF / [D5]Py, 25°C): δ = 26.30 (THF), 37.09 (q, 
1
JCB = 37.9 Hz, B-CH2CHCH2), 
68.22 (THF), 70.10 (s, 18-crown-6), 107.32 (q, 3JCB = 2.9 Hz, B-CH2CHCH2), 122.12 
(p-CHAr), 126.17 (q, 3JCB = 2.9 Hz, m-CH
Ar), 136.12 (m, o-CHAr), 149.34 (q, 
2
JCB = 1.7 Hz, B-CH2CHCH2), 166.36 (q, 
1
JCB = 49.7 Hz, i-CH
Ar). 
 
In situ formation of [Ca(η
3
-C3H5)][B(C6H5)3(η
1
-C3H5)]
 
(22). A solution of 
triphenylborane (30 mg, 0.12 mmol) in [D8]THF (0.5 mL) was added to a solution of 
bis(allyl)calcium (15 mg, 0.12 mmol) in [D8]THF (0.5 mL). The quantitative 
formation of 22 was observed by NMR spectroscopy. Standing of the NMR-sample 
for days resulted in additional and multiple low intensity 1H and 13C resonances for all 
ligands, which is most likely the result of complete ligand scrambling. Any attempts of 
isolation resulted in the formation of bis(allyl)calcium and calcium 
allyltriphenylborate as products from Schlenk equilibration. 1H NMR (400.1 MHz, 
[D8]THF, 25°C): δ = 1.91 (br s, 2H, B-CH2CHCH2), 2.32 (d, 
3
JHH = 11.8 Hz, 4H, Ca-
CH2CHCH2), 4.27 (dd, 
2
JHH = 3.8 Hz, 
3
JHH = 10.0 Hz, 1H, B-CH2CHCH2
cis), 4.46 (dm, 
3
JHH = 16.9 Hz, 1H, B-CH2CHCH2
trans), 5.82 (br ddt, 1H, B-CH2CHCH2), 6.38 (quint, 
3
JHH = 11.8 Hz, 1H, Ca-CH2CHCH2), 6.69 (t, 
3
JHH = 7.1 Hz, 3H, p-CH
Ar), 6.85 (t, 3JHH 
= 7.4 Hz, 6H, m-CHAr), 7.27 (br, 6H, o-CHAr). {1H}13C NMR (100.6 MHz, [D8]THF, 
25°C): δ = 36.79 (q, 1JCB = 38.0 Hz, B-CH2CHCH2), 59.93 (Ca-CH2CHCH2), 106.55 
(q, 3JCB = 2.6 Hz, B-CH2CHCH2), 121.61 (p-CH
Ar), 125.65 (q, 3JCB = 2.6 Hz, m-CH
Ar), 
135.77 (d, 2JCB = 1.7 Hz, o-CH
Ar), 149.14 (q, 2JCB = 1.7 Hz, B-CH2CHCH2), 149.73 
(br, Ca-CH2CHCH2), 166.08 (q, 
1
JCB = 49.7 Hz, i-CH
Ar). 
 
In situ formation of [Ca(η
3
-C3H5)][Al(CH2SiMe3)3(η
1
-C3H5)] (25). A solution of 
Al(CH2SiMe3)3 (36 mg, 0.12 mmol) in [D8]THF (0.25 mL) was added to a solution of 
bis(allyl)calcium (15 mg, 0.12 mmol) in [D8]THF (0.25 mL). The quantitative 
formation of 25 was observed by NMR spectroscopy. 1H NMR (400.1 MHz, [D8]THF, 
25 °C): δ = −1.27 (br s, 6H, Al-CH2SiMe3), −0.12 (s, 27H, Al-CH2SiMe3), 0.92 (br s, 
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2H, Al-CH2CHCH2), 2.36 (d, 
3
JHH = 11.8 Hz, 4H, Ca-CH2CHCH2), 3.95 (dd, 
2
JHH = 
3.6 Hz, 3JHH = 9.9 Hz, 1H, Al-CH2CHCH2
cis), 4.15 (dd, 2JHH = 3.5 Hz, 
3
JHH = 16.6 Hz, 
1H, Al-CH2CHCH2
trans), 6.03 (ddt, 1H, Al-CH2CHCH2), 6.41 (quint, 
3
JHH = 11.9 Hz, 
1H, Ca-CH2CHCH2). {
1H}13C NMR (100.6 MHz, [D8]THF, 25°C): δ = −0.38 (br s, 
Al-CH2SiMe3), 3.96 (s, Al-CH2SiMe3), 29.85 (br s, Al-CH2CHCH2), 60.07 (s, Ca-
CH2CHCH2), 97.88 (s, Al-CH2CHCH2), 148.57 (s, Al-CH2CHCH2), 149.73 (s, Ca-
CH2CHCH2). 
 
[Ca(THF)6][Al(CH2SiMe3)3(C3H5)]2 (24). a) A solution of Al(CH2SiMe3)3 (354 mg, 
1.23 mmol) in THF (3 mL) was added to a solution of bis(allyl)calcium (150 mg, 
1.23 mmol) in THF (3 mL) and all volatiles were allowed to evaporate at ambient 
conditions. The resulting solid consisted of colorless crystals of 
[Ca(THF)6][Al(CH2SiMe3)3(η
1-C3H5)]2 and bis(allyl)calcium (as waxy coating, which 
may be mechanically removed from the crystals) (1.38 g, 1.22 mmol, 99%). b) The 
reaction mixture, prepared as described in a), can be layered with a large excess of 
pentane, resulting in the formation of single crystals of 24, suitabe for X-ray structure 
determination (yield: 96%). 1H NMR (400.1 MHz, [D8]THF, 25°C): δ = −1.25 (br s, 
12H, Al-CH2SiMe3), −0.11 (s, 54H, Al-CH2SiMe3), 0.93 (br s, 4H, Al-CH2CHCH2), 
3.97 (dd, 2JHH = 3.5 Hz, 
3
JHH = 9.8 Hz, 2H, Al-CH2CHCH2
cis), 4.17 (dd, 2JHH = 3.4 Hz, 
3
JHH = 16.7 Hz, 3H, Al-CH2CHCH2
trans), 6.05 (ddt, 2H, Al-CH2CHCH2).{
1H}13C 
NMR (100.6 MHz, [D8]THF, 25 °C): δ = -0.37 (br s, Al-CH2SiMe3), 4.01 (s, Al-
CH2SiMe3), 26.29 (THF), 30.88 (br s, Al-CH2CHCH2), 68.21 (THF), 97.95 s, (Al-
CH2CHCH2), 148.66 (s, Al-CH2CHCH2). 
 
General procedure for the polymerization of 1,3-butadiene. A solution of 1,3-
butadiene was prepared by condensation of the gaseous diene into a cooled (−78 °C) 
vessel with molecular sieve (4 Å) and subsequent condensation into a Schlenk flask 
containing anhydrous THF. The 1,3-butadiene content was determined by 1H NMR 
spectroscopy. 
10.0 g of the monomer solution were added to the solid catalyst (precursors), which 
dissolved within seconds. The reaction mixture was stirred for a given time at given 
temperature. After quenching with iPrOH, the reaction mixture was poured into 
100 mL of cooled, acidulated solution of 2,6-di-tert-butyl phenol in methanol. After 
filtration, the obtained polymer was washed with methanol and dried under reduced 
pressure. Analysis of the microstructure was performed as described by Kaita et al..[8] 
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General procedure for the polymerization of ethylene. Inside a glovebox, a thick-
walled glass reactor, equipped with a mechanical stirrer, was charged with a solution 
of the corresponding catalyst in THF. The reactor volume was purged with ethylene. 
Polymerization reactions were performed under static pressures of ethylene (4 bar) for 
a given time at given temperature (Table B.3.2-2). After quenching with methanol, the 
reaction mixture was poured into 100 mL of cooled, acidulated methanol.  
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B.4. REACTIVITY OF BIS(ALLYL)CALCIUM TOWARDS AROMATIC HETEROCYCLES 
B.4.1.  Introduction  
A vast range of bioactive molecules contain heteroaromatic units as essential 
building blocks for biological functions. Pyridine and furan derivatives are common in 
many compounds, such as active ingredients, alkaloids, hormones, and pheromones. 
Thus, development of new strategies for the preparation of this class of compounds has 
become an important endeavor in synthetic chemistry.[1,2] In addition to reactions for 
the construction of ring systems with the desired substitution patterns, activation and 
substituent modification reactions of cheap and readily available derivatives play a 
major role in their functionalization. 
For pyridine derivatives, the introduction of olefinic functionalities such as vinyl or 
allyl substituents results in valuable starting materials for ring closing metathesis,[3] 
epoxidation/dihydroxylation,[4] cyclopropanation,[4c] and polymerization reactions.[5] 
Cross-coupling reactions including Hiyama,[6] Kumada,[7] Negishi,[8] Stille,[9] and 
Suzuki-Miyaura[10] reactions have broadened the scope of application for substituent 
modification reactions. Numerous reports have demonstrated that simple 
transformations of pyridine often rely on its π-deficient character. Additional 
activating and/or directing groups open access to a variety of pyridine derivatives 
when metal catalysis is employed.[1a,11] 
Metalation is an important tool for the introduction of (hetero)organic substituents to 
the pyridine or furan ring as well as for the introduction of a pyridyl or furyl 
nucleophile itself. In this context, lithiated or magnesiated pyridyls and furyls are 
starting materials commonly used. 2-Lithiated or magnesiated pyridyls can easily be 
obtained by halogen-metal exchange,[12] whereas lithiated furyls are obtained from 
reactions of furan with alkyllithium bases or halogen exchange with lithium metal.[13] 
Other metals like cesium, potassium, germanium, and tin have also been introduced to 
the furan ring.[13e,14] Allylated furans are predominantly obtained by cyclization and 
metathesis reactions.[15] Direct allylation of furan and derivatives was achieved by 
metal-mediated reactions,[14c,16] or activation with BF3.
[17]  
In reactions with pyridines, alkyl lithium reagents usually prefer addition over 
deprotonation and often undergo unwanted coupling reactions. Direct ortho-metalation 
is observed for the reaction of pyridine with many organometallic compounds of early 
transition and f-block metals.[18] Common methods for the introduction of late 
transition and p-block metals often utilize the abovementioned lithiated or magnesiated 
derivatives in metal exchange reactions.[12,19,20] Noteworthy, there have been various 
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reports about the allylation of (iso)quinolines with allylic reagents of boron,[21] 
tin,[21a,22] silicon,[11c,21a,22e,23] indium,[22a,24] and magnesium.[25] As for the activation of 
pyridine itself, these transformations mostly require N-acylation prior to 
functionalization, and, with some exceptions, give the desired allylated derivatives in 
yields lower than 80%. Pyridine insertion of an in situ generated magnesium hydride 
complex has also been observed.[26] The importance of dearomatization reactions for 
the synthesis of complex natural products has been reported.[27] 
Recent efforts in furan transformations focus on the production of fuels from 
biomass.[28] Furfural can be produced on a large scale from the reaction of 
hemicellulose with (sulfuric) acid,[29] whereas 5-hydroxymethylfurfural is obtained 
from the dehydration of glucose.[30] However, furfural and its derivatives are not 
suitable for combustion engines and new efforts towards saturated carbohydrates with 
low oxygen-contents have to be envisioned.  
 
B.4.2. Results and Discussiond 
The first part of this chapter describes the formation of insertion (i.e., 
carbometalation) products from reactions of [Ca(C3H5)2] 5 with pyridine derivatives. 
The second part focuses on the formation of C−H bond activation (i.e., metalation) 
products. The last part discusses reactions of 5 with furan and its derivatives. 
 
Reaction of Bis(allyl)calcium with Pyridine 
When the solubility of 5 was tested for various solvents, the formation of a deep red 
solution of 5 in pyridine was observed. 1H NMR spectra of 5, dissolved in neat [D5]py 
led to the wrong conclusion of η1-allyl ligands bound to the calcium center. Further 
investigation revealed the presence of the 1,4-insertion product [Ca(NC5D5-4-
C3H5)2(L)n] ([D5]27, L = [D5]py). The allyl ligands have been transferred from the 
calcium center to the 4-position of a pyridine ring.  
 
Scheme B.4.2-1. Formation of the insertion product 27·(py)4 and subsequent reaction to N-
protected 1,4-DHP. 
                                                           
d: Published parts of this chapter: 1) P. Jochmann, T. S. Dols, T. P. Spaniol, L. Perrin, L. Maron, J. 
Okuda, Angew. Chem. Int. Ed. 2009, 48, 5715. 2) P. Jochmann, V. Leich, T. P. Spaniol, J. Okuda, 
Chem.−Eur. J. 2011, 17, 12115. 
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Stoichiometric amounts of 5 reacted with pyridine in THF upon mixing to 
quantitatively give [Ca(NC5H5-4-C3H5)2(L)n] (27, L = THF, py). In the presence of 
excess pyridine, calcium amide 27·(py)4 could be isolated as a red powder in near 
quantitative yield and fully characterized (Scheme B.4.2-1). Variable-temperature 
NMR spectroscopy in [D8]THF showed that for 27·(py)4 an equilibrium exists 
presumably between the cis and trans octahedral isomers. Sharp resonances were 
observed in the 1H NMR spectrum of 27 in [D5]py (Figure B.4.2-1). This spectrum is 
shown exemplarily for insertion products described in this chapter. Characteristic is 
the observation of the tertiary 4-CH proton resonance at ca. 4 ppm. 
 
 
Figure B.4.2-1. 1H NMR spectrum of 27 in [D5]py at 25 °C. $ denotes impurities of THF. 
 
The reaction of electrophiles E-Cl (E = CO2CH3, Si(CH3)3) with 27·(py)4 gave the 
corresponding N-protected 1,4-DHPs with concomitant precipitation of CaCl2 
(Scheme B.4.2-1). This procedure might prove helpful for the production of N-
protected 4-allyl-dihydropyridines as synthons in organic synthesis. Single crystals of 
27·(py)4 were obtained from a cooled solution of 5 in pyridine. The molecular 
structure of 27·(py)4 in the solid state is depicted in Figure B.4.2-2. Compound 
27·(py)4 crystallizes in the monoclinic space group P21/c (No. 14) with two 
crystallographically independent molecules in the unit cell. The solid state structure 
displays an octahedral coordination geometry with trans arranged anionic (NC5H5-4-
C3H5)
− ligands. Due to crystallographic Ci symmetry, all trans angles are 180.0°. The 
Ca−Npy bond distances are closely similar (2.5192(13) Å for Ca1−N2 and 
2.5540(13) Å for Ca1−N3), whereas much shorter bonds are observed between the 
calcium center and anionic DHP ligands (Ca1−N1 2.4005(13) Å). The presence of four 
aromatic pyridine and two dearomatized dihydropyridine rings is apparent from their 
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C−C bond lengths: The DHP rings display bond lengths of 1.3793(19) (N1−C1), 
1.349(2) (C1−C2), 1.508(2) (C2−C3), 1.509(2) (C3−C4), 1.344(2) (C4−C5), and 
1.382(2) Å (C5−N1). This is in agreement with a dearomatized NC5H5 ring with 
carbon carbon double bonds on opposite sides (C1−C2 and C4−C5). The intact 
pyridine ligands display unexceptional bond lengths.[31] The allyl substituents show the 
expected localized single (C3−C6 1.551(2) Å, C6−C7 1.487(2) Å) and double bonds 
(C7−C8 1.316(2) Å). 
 
 
Figure B.4.2-2. Molecular structure of compound 27·(py)4 in the solid state. Only one of the 
two crystallographically independent molecules is depicted. Displacement ellipsoids are 
shown at the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond 
lengths (Å) and angles (°): Ca1−N1, 2.4005(13); Ca1−N2, 2.5192(13); C3−C6, 1.551(2); 
C6−C7, 1.487(2); C7−C8, 1.316(2); N1-Ca1-N1, 180.0; C6-C7-C8, 125.65(17); C2-C3-C4, 
107.32(13); C2-C3-C6, 112.38(13). 
 
A solution of 5 in a 1:1 mixture of py and [D5]py led to a product that displayed 
proton signals with half the intensity expected for the ring CH groups in 27. This 
indicates absence of a significant kinetic deuterium effect and an insertion reaction 
without rate-determining C−H bond cleavage. Compound 27 undergoes slow 
decomposition with first-order kinetics (k = 0.12 d–1, 0.65 M solution in [D5]py) to give 
an intermediate that upon heating for several hours, was converted into propene and an 
unidentified metalation product. The 1H NMR spectrum showed broad signals for all 
species. Together with an increase of the aromatic/olefinic integration ratio from initial 
2:1 to 11:1 (9 h at 70°C), these observations indicate H/D exchange reactions. Similar 
H/D processes were reported for yttrium pyridyl complexes.[18e]  
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Scheme B.4.2-2. Proposed mechanism for the insertion of pyridine into the calcium allyl 
bond. 
 
The overall mechanism for the reaction of 5 with pyridine was deduced from NMR 
spectroscopic analysis (Scheme B.4.2-2). The reaction is initiated by coordination of 
pyridine to the calcium center to give complex 5·(py)2+n. Attack on the ortho-position 
by the nucleophilic allyl group results in the rapid formation of the ortho-allylated 
product 28·(py)n via a six-membered, metalacyclic transition state TS1 (Scheme 
B.4.2-2). Intermediate 28 displays a half life of t1/2 = 10 min (25 °C). The final 1,4-
insertion product 27 is formed by a rate-determining Cope rearrangement (Scheme 
B.4.2-2). In this second, six-membered transition state TS2, a lack of conformational 
flexibility of both the allyl and the pyridine ring fragment disfavors the 1,3-
rearrangement. This sequence of allylic rearrangements is analogous to Claisen and 
subsequent Cope rearrangement observed for ortho-disubstituted allyloxybenzenes to 
give 4-allylcyclohexa-2,5-dienones.[32]  
Table B.4.2-1 summarizes all reactions of 5 with pyridine derivatives yielding 
allylated insertion products. 
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Table B.4.2-1. Allylated insertion products from reactions of pyridine derivatives with 0.5 
equiv 5 in THF at 25 °C. 
entry pyridine substrate t product  yield  
1 
 
0.5 h 
 
 
95% 
2a 
 
0.5 h 
 
> 99 
3a 
 
0.5 h 
 
> 99 
4 
 
0.5 h 
 
98% 
5 
 
0.5 h 
 
94% 
6b 
 
5 d 
 
> 99% 
7 
 
0.5 h 
 
99% 
a: NMR scale experiment in [D8]THF. Yield determined by 
1H NMR spectroscopy. b: The 2-
allylated intermediate (34) could be identified by in situ 1H NMR analysis. 
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Figure B.4.2-3. Enthalpy profile for the reaction of bis(allyl)calcium (5) with pyridine: 1,2-
insertion, subsequent 1,3-rearrangement, and alternative ortho-metalation. 
 
The reaction energy profile for the proposed mechanism was studied by means of 
computational methods (Figure B.4.2-3). With [Ca(η3-C3H5)2(py)3] as reference, the 
overall reaction leading to 27·(py)4 is exothermic (∆rH° = −27.4 kcal mol
−1). The 
initial 1,2-insertion of two pyridine molecules (TS1) to give [Ca(NC5H5-2-
C3H5)2(py)3] (28·(py)3) proceeds in two steps with an activation enthalpy of 
∆rH
‡ = 14.3 kcal mol−1 (TS1a) and 3.4 kcal mol−1 (TS1b) (∆rH° = −7.2 kcal mol
−1 and 
−8.6 kcal mol−1), for each allyl ligand. Coordination of one additional pyridine 
molecule leads to the hexacoordinated complex 28·(py)4 ∆rH° = −18.9 kcal mol
−1). In 
agreement with experimental results, the subsequent 1,3-rearrangement is the rate 
determining step of the overall reaction. It displays activation barriers of 
∆rH
‡ = 8.5 kcal mol−1 (27.4 kcal mol−1 relative to 28·(py)4) for TS2a and 
∆rH
‡ = 5.1 kcal mol−1 for TS2b. Direct 1,4-insertion and ortho-metalation are found to 
be unfavorable (Figure B.4.2-3). 
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Reaction of Bis(allyl)calcium with 3-Picoline 
 
Scheme B.4.2-3. Reaction of bis(allyl)calcium (5) with 3-picoline. 
 
The NMR scale reaction of 5 with 3-picoline in [D8]THF resulted in the quantitative 
formation of the allylated product 29 (Scheme B.4.2-3; Table B.4.2-1, entry 2). As 
implied by the above mechanism, methylation of the 3-position did not suppress the 
formation of the 1,4-insertion product. Observations and reaction rate are the same as 
for the reaction with pyridine. No attempts were undertaken to isolate product 29. 
However, it is expected that preparation and yield are comparable to 1,4-insertion 
products 27 (see above) and 30 (see below). 
 
Reaction of Bis(allyl)calcium with 3,5-Lutidine 
 
Scheme B.4.2-4. Reaction of bis(allyl)calcium (5) with 3,5-lutidine. 
 
The NMR scale reaction of 5 with 3,5-lutidine (3,5-lu) in [D8]THF resulted in the 
quantitative formation of the allylated product 30. Similar to the reactions of 5 with 
pyridine and 3-picoline, quantitative conversion of the starting material was observed 
by NMR spectroscopy (Scheme B.4.2-4; Table B.4.2-1, entry 3). No changes of the 
NMR spectra were noted over a period of several days. In agreement with the 
proposed mechanism (Scheme B.4.2-2), methyl groups at 3- and 5-positions have no 
effect on the 1,4-insertion. 30·(3,5-lu)4 was crystallized from a solution of 30 in neat 
3,5-lutidine and the molecular structure in the solid state is depicted in Figure B.4.2-4. 
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Figure B.4.2-4. Molecular structure of compound 30·(3,5-lu)4 in the solid state. Split positions 
of equal occupancy were refined for C19 and C20. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): Ca1−N1, 2.4250(19); Ca1−N3, 2.5471(19); 
C3−C8, 1.562(3); C8−C9, 1.483(4); C9−C10, 1.309(4); N1-Ca1-N2, 178.09(7); C10-C9-C8, 
127.1(3); C4-C3-C2, 108.77(19). 
 
Compound 30·(3,5-lu)4 crystallizes in the monoclinic space group P21/c (No. 14) 
with an octahedral coordination geometry around the calcium center. One allyl 
substituent showed disorder and carbon atoms C19 and C20 have been refined with 
two split positions without restraints. The trans arranged anionic ligands span an angle 
of N1-Ca1-N2 178.09(7)° and display calcium nitrogen distances of Ca1−N1 
2.4250(19) Å and Ca1−N2 2.4350(19) Å. The neutral lutidine donor molecules display 
longer bond lengths between Ca1−N4 2.503(2) and Ca1−N5 2.5504(19) Å. These 
calcium nitrogen distances compare well to those found in the parent compound 
27·(py)4. The dearomatized character of the 4-allylated ring systems is reflected by 
located double bonds of virtually the same length C1−C2 1.340(3), C4−C5 1.342(3), 
C11−C12 1.342(3), and C14−C15 1.343(3). The sp3 character of the allylated carbon 
atoms C3 and C13 is evident from tetrahedral angles of close to 109° about these 
atoms (i.e., C4-C3-C2 108.77(19)°, C12-C13-C14 108.9(2)°). The allyl substituents 
show localized single and double bonds. 
 
Reaction of Bis(allyl)calcium with 2,2’-Bipyridine 
The reaction of bis(allyl)calcium (5) with one equivalent of 2,2’-bipyridine afforded 
the doubly allylated, dearomatized product calcium 4,4’-diallyl-4H,4’H-[2,2’-
bipyridine]-1,1’-diide (31·(THF)) in 98% yield (Scheme B.4.2-5; Table B.4.2-1, 
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entry 4). Similar to the reaction of 5 with pyridine, a short reaction time of 30 min 
resulted in quantitative formation of the dark red product.  
 
Scheme B.4.2-5. Reaction of bis(allyl)calcium (5) with 2,2’-bipyridine. 
 
Since 2,2’-bipyridine bears vacant 6,6’-, but arylated 2,2’-positions, the proposed 
insertion-rearrangement sequence can easily proceed via the vacant sites. This results 
in rapid and clean formation of 31.  
When two equivalents of 2,2’-bipyridine were added to bis(allyl)calcium, a 
completely different product distribution of unknown composition was obtained. The 
product mixture contained propene as a product from C−H bond activation and 
multiple σ-bound allyl fragments, as evident from 1H NMR spectra in [D8]THF. 
Number and shape of the signals did not allow for detailed analysis of the products.  
 
Reaction of Bis(allyl)calcium with Acridine 
 
Scheme B.4.2-6. Reaction of bis(allyl)calcium (5) with acridine. 
 
The reaction of 5 with two equivalents of acridine in THF resulted in the clean 
formation of calcium 9-allyl-9H-acridin-10-ide (32) in 94% yield after a reaction time 
of 30 min at 25 °C (Scheme B.4.2-6; Table B.4.2-1, entry 5). 32 was isolated as beige 
mono(THF) adduct from the red reaction solution by removing all volatiles under 
reduced pressure. 
This reaction provides mechanistic information as both positions α to the nitrogen 
atom are involved in an extended π-system. The previously proposed 
insertion/rearrangement sequence appears disfavored for acridine. Attack of the allyl 
nucleophile at a carbon atom attached to nitrogen would result in a strong perturbation 
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of the aromatic system. A direct transfer of the (C3H5)
− ligand to the 9-position of 
acridine seems more plausible for the formation of 32. 
 
Reaction of Bis(allyl)calcium with Quinoline 
 
Scheme B.4.2-7. Reaction of bis(allyl)calcium (5) with quinoline. 
 
Stirring combined THF solutions of bis(allyl)calcium (5) and quinoline for 5 d at 
25 °C afforded the expected insertion product calcium 4-allyl-4H-quinolin-1-ide (33) 
as mono(THF) adduct in quantitative yield (Scheme B.4.2-7; Table B.4.2-1, entry 6). 
A long reaction time was applied after 1H NMR studies revealed slow formation of 33 
from the 2-allylated intermediate 34. Apparently, 34 displays a long lifetime in the 
reaction mixture. This can be explained by a similar electron deficient character of the 
2- and 4-positions in quinoline.[33] No indication for any migration of the allyl moiety 
to other positions, such as the annulated ring system, was observed. 
 
Reaction of Bis(allyl)calcium with Isoquinoline 
 
Scheme B.4.2-8 Reaction of bis(allyl)calcium (5) with isoquinoline. 
 
The tris(THF) adduct of calcium 1-allyl-1H-isoquinolin-2-ide (35) was obtained as 
an orange powder in 99% yield from the reaction of 5 with two equivalents of 
isoquinoline after 30 min at 25 °C (Scheme B.4.2-8; Table B.4.2-1, entry 7). Again, 
the reaction showed full regioselectivity to afford the 1-allylated isoquinoline 
derivative. Single crystals of 35·(THF)4, suitable for X-ray diffraction experiments 
were obtained from a cooled solution of 35·(THF)3 in THF with triglyme as an 
additive. To the best of the author’s knowledge, 35·(THF)4 is the first example of a 
structurally characterized, 1-substituted and dearomatized isoquinoline derivative. 
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Figure B.4.2-5. Molecular structure of compound 35·(THF)4 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): Ca1−N1, 2.3777(12); Ca1−O1, 2.3916(11); 
C9−C10, 1.544(2); C10−C11, 1.491(2); C11−C12, 1.303(2); N1-Ca1-N1, 180.0; C8-C9-C10, 
110.70(12). 
 
The molecular structure of 35·(THF)4 in the solid state is shown in Figure B.4.2-5. 
35·(THF)4 crystallizes in the monoclinic space group P21/c (No. 14) with an octahedral 
coordination geometry around the calcium center. Four THF donor ligands occupy the 
equatorial plane, whereas the apical positions are occupied by anionic 1-allyl-1H-
isoquinol-2-ide ligands. Due to crystallographic Ci symmetry, all trans angles equal 
180.0°. The bond lengths of Ca1−O1 2.3916(11) Å and Ca1−O2 2.4148(10) Å are 
closely similar and correspond well to those in other tetrakis(THF) adducts of 
organocalcium compounds.[34] The Ca1−N1 distance of 2.3777(12) Å is similar to the 
corresponding bond length in the parent compound 27·(py)4. The allylated positions 
exhibit clear sp3 character as evident from the angles about C9 (C8-C9-C10 
110.70(12)°, N1-C9-C10 108.37(12)°, N1-C9-C8 112.39(12)°). One single (C10−C11 
1.491(2) Å) and one double (C11−C12 1.303(2) Å) carbon carbon bond is observed in 
the allyl fragment. For the dearomatized N-heterocycle, the shortest carbon carbon 
bond length of 1.373(2) Å is observed for C1−C2, indicating a double bond at this 
position. The bond lengths within the annulated ring system range from 1.410(2) Å 
(C3−C8) to 1.380(2) Å (C4−C5) and lie in the typical range for aromatic carbon 
carbon bonds.  
The 13C NMR spectrum of 35 in [D8]THF solution displayed two sets of signals for 
certain carbon atoms. This is attributed to the presence of two diastereomers. Because 
the non-stereoselective allylation of isoquinoline produces both enantiomers of the 1-
allyl-1H-isoquinoline ligand, homo- and heterochiral complexes of 35 can be formed. 
However, the solid state structure (Figure B.4.2-5) depicts only the heterochiral and 
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centrosymmetric complex. No other diastereomer could be found in the crystal 
structure. 
The following subsections describe the formation of C−H bond activation products 
from reactions of 5 with pyridine derivatives. 
 
Reaction of Bis(allyl)calcium with 2-Picoline 
 
Scheme B.4.2-9. Reaction of bis(allyl)calcium (5) with 2-picoline. 
 
The reaction of bis(allyl)calcium (5) with two equivalents 2-picoline in refluxing 
THF led to the formation of bis(pyridin-2-ylmethyl)calcium (36) within 3 h. 36 was 
isolated as the mono(THF) adduct in 96% yield (Scheme B.4.2-9; Table B.4.2-2, entry 
1). Attempted removal of all THF molecules under vacuum resulted in material, which 
was insoluble in THF.  
On NMR scale, formation of the carbometalation product 37 was observed upon 
mixing solutions of 2-picoline and 5 in [D8]THF. The reaction afforded a 2:1 mixture 
of the C−H bond activation product bis(2-pyridylmethyl)calcium (36) and the 1,4-
insertion product calcium 4-allyl-2-methyl-4H-pyridin-1-ide (37). Over a period of 
three weeks at room temperature, 37 was quantitatively transformed to 36. This 
reaction was found to follow first order kinetics with a half time of t1/2 = 11 d (37). A 
1H NMR spectrum of 36·THF is depicted in Figure B.4.2-6 as a general example for 
calciated pyridine derivatives from C−H bond activation with 5. The observed C−H 
bond activation with concomitant propene evolution reflects the importance of vacant 
ortho- and para-positions for the above mechanism. 
Table B.4.2-2 summarizes all reactions of 5 with pyridine derivatives yielding 
calciated C−H bond activation products. 
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Figure B.4.2-6. 1H NMR spectrum of 36·THF in [D8]THF (*) at 25 °C. $ denotes impurities of 
the 4-allylated intermediate 37. 
 
Table B.4.2-2. C−H bond activation products and intermediates from reactions of pyridine 
derivatives with 0.5 equiv 5 in THF. 
entry pyridine 
substrate 
t, T intermediate(s) product yield 
1 
 
3 h,  
70 °C 
  96% 
2 
 18 h,  
70 °C 
  59% 
3 
 
24 h,  
25 °C 
  95% (n = 0.75) 
23% (n = 0) 
4a 
 
18 d,  
25 °C 
                  41 
  
62% 
5a 
 24 h,  
60 °C 
                  41         42 67% 
6 
 
7 d,  
25 °C 
  > 99% 
a: 1H NMR experiment in [D8]THF solution and 1.0 equiv of 5; Yields determined by 
1H NMR 
spectroscopy. 
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Reaction of Bis(allyl)calcium with 4-Picoline 
 
Scheme B.4.2-10. Reaction of bis(allyl)calcium (5) with 4-picoline. 
 
Similar to the reaction with 2-picoline, the reaction of 5 with two equivalents of 4-
picoline gave the carbometalated intermediate 38, which underwent subsequent C−H 
bond activation to give 39 (Scheme B.4.2-10; Table B.4.2-2, entry 2).  
On NMR scale, the formation of bis(pyridin-4-ylmethyl)calcium 39 was detected, 
but at higher concentrations an insoluble precipitate was formed. Precipitation was 
also observed for laboratory scale reactions in refluxing THF. The dark precipitate was 
shown to consist of 39·(THF)2. This product was isolated in 59% yield after 18 h at 
70 °C, removal of all volatiles and washing with pentane and small amounts of THF. 
The dried powder was rinsed with THF until the filtrate occurred colorless. Drying of 
the filtrate and the insoluble fraction afforded 12 wt-% and 88 wt-%, respectively. The 
filtrate was identified as minor amounts of 39 together with 4-picoline and THF. The 
insoluble fraction was treated with [D8]THF and D2O to probe its composition: 
1H 
NMR spectra recorded in [D8]THF revealed small amounts of pure 39 with non-
stoichiometric amounts of THF, whereas spectra recorded in D2O displayed pure 
monodeuterated 4-picoline[35] together with one equivalent of THF. The exclusive 
formation of NC5H4-CH2D as the product from quenching with D2O suggests the 
brown precipitate to be 39·(THF)2. Apparently, once precipitated or dried under 
vacuum, 39 becomes sparingly soluble.  
Reduced reaction times resulted in incomplete conversion of 38 to 39 (1:0.7 and 
1:1.4 after 3 h and 6 h at 70 °C, respectively; note that 5 was already consumed at 
these early stages). 
A tentative explanation for the solubility properties of 39 may be the distance 
between the metalation site and the nitrogen donor. 39 may form a coordination 
polymer in the solid state which would preclude any intramolecular coordination of the 
calcium center to the nitrogen atom. Instead, intermolecular coordination leads to a 
tightly connected framework of units of 39, which is virtually insoluble in THF. 
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Reaction of Bis(allyl)calcium with 2,6-Lutidine 
 
Scheme B.4.2-11 Reaction of bis(allyl)calcium (5) with 2,6-lutidine. 
 
Reaction of bis(allyl)calcium 5 with two equivalents of 2,6-lutidine led to bis((6-
methylpyridin-2-yl)methyl)calcium (40). This product was obtained in 95% yield after 
24 h at 25 °C (Scheme B.4.2-11; Table B.4.2-2, entry 3). In contrast to the other 
products reported, 40 was isolated with sub-stoichiometric amounts of THF (0.75 
molecules per formula unit). When precipitated from the reaction mixture by addition 
of a large excess of pentane, 40 was obtained free of any donor molecules in 23% 
yield (Table B.4.2-2, entry 3). Reaction of 2,6-lutidine with 5 proceeds in distinct 
steps: while the monoactivated product 40 is formed, small amounts of the 
carbometalated intermediate 41 are observed in the 1H NMR spectrum. Total depletion 
of 2,6-lutidine and 41 then allows for the second C−H bond activation. Of course, 
residual (C3H5)
− ligands are required for the CH3 group activation of 40. This was 
achieved by applying the corresponding stoichiometry of bis(allyl)calcium/2,6-
lutidine = 1:1 (Table B.4.2-2, entries 4 and 5). When 40 was obtained by applying a 
stoichiometry of bis(allyl)calcium/2,6-lutidine = 1:2 at elevated temperatures, 
contamination with 42 was the result of the second C−H bond activation as a side 
reaction. 
 
Reactivity of Bis(a
 
Figure B.4.2-7. Time conversion plots for the reaction of bis(allyl)calcium with 2,6
(upper) and enlarged representation of the initial 50
monoactivated product 40
product 42: triangles. 
 
The formation of 42 was studied on the NMR scale by adjusting the stoichiometry 
(bis(allyl)calcium/2,6-lutidine
entries 4 and 5). The reaction at 25
40 and the carbometalated intermediate 
virtually all 2,6-lutidine was consumed and 
formation of 42 was observed. No complete con
long reaction times (18 
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 h (lower). 2,6
: circles; allylated intermediate 41: squares; doubly activated 
 = 1:1) in [D8]THF (Scheme B.4.2
 °C revealed the initial formation of monoactivated 
41, but not of 42 (Figure 
40 reached its peak concentration, the 
version of 40 to
d, Table B.4.2-2, entry 4) or by heating (60
 
 
 
-lutidine 
-lutidine: dashes; 
-11; Table B.4.2-2, 
B.4.2-7). After 
 42 was achieved by 
 °C, Table B.4.2-2, 
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entry 5). Yields of 42 were 62% and 67%, respectively, for the former and latter 
reaction. Single crystals of 40·(THF)3 suitable for X-ray structure determination were 
obtained from a cooled (−30 °C) solution of 40 in THF/pentane. The solid state 
structure of 40·(THF)3 is depicted in Figure B.4.2-8. When single crystals of 
40·(THF)3 were dried under argon at ambient pressure, rapid loss of one THF 
molecule per formula unit resulted in a powder of 40·(THF)2. 
 
Scheme B.4.2-12. Mesomers of the 2,6-lutidine anion. 
 
The observation that 40·(THF)n were isolated with n = 0, 0.75, 2, and 3 reflects a 
facile release of THF from the coordination sphere of 40. This decoordination process 
might be accompanied by a change of the coordination mode towards the (η3) aza-allyl 
fashioned lutidyl ligand (Scheme B.4.2-12). Compound 40·(THF)3 crystallizes in the 
monoclinic space group P21/c (No. 14) and shows an aza-allyl (η
3) coordination mode 
of the N1-C1-C6 and N2-C8-C13 fragments in the solid state (Figure B.4.2-8). This is 
in contrast to the solution structure, which shows a benzyl type coordination mode of 
the lutidyl ligand. This is suggested by 1H and 13C NMR resonances at 2.32 and 
55.79 ppm, respectively, that can be assigned to the metal bound CH2 groups in 40. A 
similar mesomerism was described for picolyl anions and aza-allyl coordination by a 
doubly activated β-diketiminato ligand to calcium was discussed.[36,37]  
Figure B.4.2-8 depicts a formally seven coordinated calcium center. The bond 
distances of 2.846(3) Å (Ca1−C6) and 2.813(3) Å (Ca1−C13) lie in the range of 
calcium carbon bonds observed for the triglyme adduct of bis(η3-allyl)calcium and 
exclude σ-bound carbanionic ligands. The Ca1−N1 and Ca1−N2 bond lengths are 
2.407(2) Å and 2.4331(19) Å. This is somewhat longer than observed in 35·(THF)4 
(see above) but compares well to calcium nitrogen distances for compounds 27·(py)4 
and 30·(3,5-lu)4 (3,5-lu = 3,5-lutidine). The C1−C6 (1.376(3) Å) and C8−C13 
(1.373(4) Å) bond distances indicate a significant double bond character, as expected 
for a delocalized fragment. This is in contrast to the bond lengths observed for the non-
activated methyl groups (C5−C7 1.499(3) Å, C12−C14 1.501(3) Å). 
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Figure B.4.2-8. Molecular structure of compound 40·(THF)3 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms omitted for clarity. 
Selected bond lengths (Å) and angles (°): Ca1−N1, 2.407(2); Ca1−N2, 2.4331(19); Ca1−C8, 
2.858(2); Ca1−C13, 2.813(3); C8−C13, 1.373(4); Ca1−O1, 2.4001(16); N1-Ca1-N2, 97.69(6); 
N2-C8-C13, 117.5(2). 
 
Unlike in solution, the aromaticity of the pyridine ring is strongly perturbed in the 
solid state. For free 2,6-lutidine, C(sp2)−C(sp2) bond lengths of 1.397(3) and 
1.381(4) Å are reported.[38] In contrast, alternating carbon carbon bond lengths are 
observed for the C5N-ring in 40·(THF)3 (C8−C9 1.438(3) Å, C9−C10 1.354(4) Å, 
C10−C11 1.413(4) Å, C11−C12 1.366(3) Å). This is in agreement with the aza-allyl 
coordination mode, as depicted in Scheme B.4.2-12. The calcium oxygen bond lengths 
are 2.3957(16) Å (Ca1−O3), 2.4358(16) Å (Ca1−O2), and 2.4001(16) Å (Ca1−O1) 
and compare well with Ca−O distances in 35·(THF)4 and similar compounds.
[34] The 
related magnesium complex [Mg{2-CH(SiMe3)-C5H4N}2(HMPA)2] (HMPA = 
hexamethyl phosphoric triamide), bearing a trimethylsilyl group at the benzylic 
position of 2-picoline shows a clear enamide coordination mode.[36] Disregarding the 
presence of neutral donor molecules, the finding of an aza-allyl fragment for 
40·(THF)3 is most likely the result of a much larger metal size and a preference of 
calcium to bind to delocalized anions. 
In contrast to the reaction of bis(allyl)calcium (5) with 2-picoline, the formation of 
the C−H bond activation product 40 did not require heating. This difference in 
reactivity can be explained by a vacant ortho-position in 2-picoline. The insertion-
rearrangement reaction (Scheme B.4.2-2) to give 37 proceeded smoothly, whereas for 
2,6-lutidine the carbometalated intermediate 41 could only be observed in trace 
amount. Instead, the thermodynamically favored C−H bond activation and 
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concomitant propene elimination easily occurred for 2,6-lutidine (to give 40) at 
ambient temperature. Long reaction times or heating are required for the isolation of 
36. Evidently, 37 is kinetically more favored than 41. 
 
Reaction of Bis(allyl)calcium with 4-tBu-Pyridine 
 
Scheme B.4.2-13. Reaction of bis(allyl)calcium (5) with 4-tert-butylpyridine. 
 
The reaction of 5 with 4-tert-butylpyridine was studied to evaluate the steric 
influence of a bulky tert-butyl group at the para-position of the pyridine ring. As 
shown by in situ NMR experiments, the 2- and 4-carbometalated intermediates 43 and 
44 were formed in the presence of the starting compounds (Scheme B.4.2-13; Table 
B.4.2-2, entry 6). This equilibrium mixture resulted in the quantitative formation of the 
ortho-metalation product bis(4-tert-butylpyridin-2-yl)calcium (45), isolated as dark 
purple bis(THF) adduct in quantitative yield (Table B.4.2-2, entry 6). The reaction was 
carried out at 25 °C for 7 d to ensure complete conversion of all intermediates. 
Increased temperature resulted in the formation of unknown byproducts. 
Steric shielding of the 4-position of pyridine still allowed for the formation of the 2- 
and 4-allylated intermediates. These intermediates showed an increased life-time in the 
reaction mixture. However, the 4-allylated carbometalation product 44 reacted to give 
the ring-metalation product 45 with concomitant release of propene. This is in contrast 
to pyridine derivatives with vacant 4-positions and the isolation of the corresponding 
4-allylated products.  
 
Reaction of Bis(allyl)calcium with Furan 
 
Scheme B.4.2-14. Reactions of bis(allyl)calcium (5) with furan. 
 
The reaction of bis(allyl)calcium with one to three equivalents of furan led to 
complete conversion of 5 during 24 h, evident from propene evolution. However, 
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complete conversion of furan was not observed. The reaction mixture turned from 
yellow to red to black. A dark precipitate was observed at late stages.  
In situ 1H NMR spectra displayed resonances, which were attributed to small 
amounts of 2-calciated furan amongst other unidentified products. Proton NMR 
spectra recorded at higher conversions proved inconclusive, partly because of the 
inhomogeneous reaction mixture. Multiple broad resonances in the olefinic and 
aromatic region suggest the formation of polymeric products.  
To investigate the composition of the dark precipitate, it was treated with Et2O and 
water. Extraction with Et2O and subsequent GC/MS analysis of the ethereal phase 
revealed the absence of any soluble parts. Similarly, extraction with D2O and 
subsequent NMR analysis proved the precipitate insoluble in water. These 
observations are in line with the assumption of polymeric products. Due to the 
observation that even sub-stoichiometric amounts of furan were not fully converted 
(Scheme B.4.2-14, n = 1), a multiple activation of furan and a partly ring-opened and 
branched polymer product is proposed.  
2-furyl calcium hydride was described to be formed from co-condensation of furan 
and calcium metal in the presence of THF, but characterization was performed only 
after functionalization with Me3SiCl.
[39] A strong competition between solvent donors 
and the oxygen atom in furan is described. This might be the reason for the slow 
reaction rate in the activation of furan, compared to the activation of pyridine by 
bis(allyl)calcium.  
 
Reaction of Bis(allyl)calcium with 2-Methylfuran and 2,5-Dimethylfuran 
The reactions of bis(allyl)calcium with 2-methylfuran and 2,5-dimethylfuran showed 
slow formation of propene, as evident from 1H NMR spectra. A conversion of ca. 3% 
and 5%, with respect to bis(allyl)calcium, was observed after 24 h and 5 d, 
respectively. Additional heating to 55 °C for 24 h led to ca. 9% conversion for both 
reactions. No product resonances were observed by NMR spectroscopy. During the 
course of the reaction, the mixture turned black and a precipitate was formed.  
It is proposed that similar reactions take place for 2-methyl- and 2,5-dimethylfuran. 
A significant decrease in the reaction rate was observed for the dimethyl derivative. 
This implies that vacant α positions in furan are crucial for activation. The activation 
step is suggested to consist of C−H bond activation and calciation. An insoluble, 
polymeric product is proposed for the reactions of 5 with 2-methyl- and 2,5-
dimethylfuran. 
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Reaction of Bis(allyl)calcium with 2,5-Dihydrofuran 
The reaction of bis(allyl)calcium with 2,5-dihydrofuran showed slow formation of 
propene, as evident from 1H NMR spectra. A conversion of ca. 45%, with respect to 
bis(allyl)calcium, was observed after 11 d. After 30 d, 5 was completely converted and 
a defined signal pattern was observed in tandem with broad signals in the aliphatic and 
olefinic region of the proton NMR spectrum. These sharp resonances match those 
observed for 4-substituted 2,3-dihydrofurans and reach their maximum concentration 
after a reaction time of 45 d.[40]  
Synthetical approaches towards substituted 2,3-dihydrofurans commonly use 
derivatives of 4-hydroxybutyraldehyde in cyclization reactions.[41] Isomerization 
reactions from 2,5- towards 2,3-dihydrofurans usually employ harsh conditions and/or 
late transition metal catalysts.[42] An early protocol utilizing KOtBu for the 
isomerization of 2,5-dihydrofuran suggests a basic mechanism that may also account 
for 5.[43] 
 
Reaction of Bis(allyl)calcium with [ZrCp2Cl2] and Furan or 2,5-Dihydrofuran 
 
Scheme B.4.2-15. Reactions of [ZrCp2Cl2] with bis(allyl)calcium (5) and furan. 
 
In an attempt to yield catalytic carbocalciation of carbon carbon double bonds, 
reactions of bis(allyl)calcium (5) with [ZrCp2Cl2] were investigated. Similar 
procedures have been reported to catalytically produce carbomagnesiated products.[44] 
When [D8]THF solutions of 5 and [ZrCp2Cl2] were combined, a colorless 
precipitate, most likely of calcium dichloride, was formed within 1 min. 1H NMR 
spectra of the filtered solutions displayed coupling patterns, which were assigned to 
[Zr(η5-Cp)2(η
3-C3H5)2]. Diallyldicyclopentadienyl zirconium has been described 
before and shows a dynamic behavior of the allyl ligands at ambient temperature.[45] A 
second product in ca. 16% yield was observed by 1H NMR spectroscopy. This minor 
product showed an integral ratio of ca. (η5-Cp)/(η3-C3H5) = 3:2. Although this 
compound has not been reported, it might be speculated that [Zr(η5-Cp)3(η
3-
C3H5)2]2[Ca(THF)n] was formed. No attempts were undertaken to identify this species.  
The addition of a furan derivative prior to the addition of 5 produced quantitative 
amounts of the product, which was proposed to be [Zr(η5-Cp)2(η
3-C3H5)2]. 
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Regardless of whether furan or 2,5-dihydrofuran were added before or after the 
addition of 5, no conversion of furan derivatives was observed within7 d.  
 
B.4.3. Conclusion 
Reactions of aromatic N-heterocycles with 1 give two categories of products: i) 
carbometalated and therefore dearomatized, and ii) C−H bond activated products with 
retained aromaticity. The reaction course is predefined by the substitution pattern of 
the pyridine skeleton. Allyl ligands are smoothly transferred to the electron deficient 
carbon atoms in α or γ position to the nitrogen atom. This was observed for pyridine, 
3,5-lutidine, 2,2’-bipyridine, acridine, quinoline, and isoquinoline. Here, aromaticity is 
sacrificed for the formation of new C−C and Ca−N bonds. When more acidic CH3 
groups are present in the α or γ position, the allyl ligand acts as a base to generate 
propene and to form new Ca−C bonds. This was observed for 2-picoline, 4-picoline, 
and 2,6-lutidine. Carbometalated intermediates were frequently observed and the 
intramolecular C(sp3)−H bond activation is accompanied by rearomatization. A 
C(sp2)−H bond activation is achieved by steric shielding of the γ position, as was 
demonstrated by the reaction of 5 with 4-tert-butylpyridine. This leads to ring 
metalation with concomitant release of propene. High thermodynamic stability of the 
carbometalated products or high activation barriers for C−H bond activation are 
demonstrated by a long reaction time for 4-tert-butylpyridine and persistency of the 2- 
and 4-allylated intermediates in the reaction mixture. Transformations of 
carbometalated products yielding C−H bond activated products may hint at 
reversibility of the initial insertion step. Indication for reversible pyridine 
functionalization by organoruthenium catalysts was recently reported.[46] Interestingly, 
allylic rearrangements at the pyridine ring were described decades ago for 
allylmagnesium halides and proposed to proceed via (intramolecular) Cope- and 
Claisen-like rearrangements.[25a-d,47] 
The above results describe a general procedure for the regioselective production of 
allylated and calciated pyridines and quinolines. The protocol consists of stirring 
stoichiometric amounts of 5 with the corresponding N-heterocycle in THF, removal of 
all volatiles and washing of products. Due to predominantly quantitative yields, side 
product formation or contamination of the products is minimal. Methyl groups in 
ortho- or para-positions of the N-heterocycle are easily metalated by 5 with 
concomitant release of propene, but dearomatized carbometalation products are 
formed exclusively in their absence.  
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Conversion of furan and derivatives prove difficult. Reactions of 5 with furan 
resulted in sluggish reaction and inhomogeneous mixtures, which most likely consist 
of partly ring-opened and branched polymers. C−H bond activation in α position 
seems to be a key step, as methylation of the 2- and 5-positions in furan dramatically 
decreased the reaction rate. Clean, albeit incomplete conversion of 2,5-dihydrofuran 
led to the formation of a 2,3-dihydrofuran derivative as a product of isomerization. 
Catalytic conversion of furan and 2,5-dihydrofuran proved unsuccessful, due to rapid 
elimination of calcium chloride and the formation of allyl cyclopentadienyl zirconium 
compounds. The latter showed no reactivity towards furan or 2,5-dihydrofuran. 
 
B.4.4. Experimental Section 
[Ca(NC5H5-4-C3H5)2(py)4] (27·(py)4). a) Bis(allyl)calcium (5, 63 mg, 0.52 mmol) 
was dissolved in pyridine (1.0 mL). Upon cooling to −35 °C, red crystals suitable for 
X-ray diffraction were formed during 14 d (138 mg, 0.23 mmol, 45%). b) A solution 
of pyridine (155 mg, 196 mmol) in THF (0.2 mL) was added to a stirred solution of 
bis(allyl)calcium (5, 40 mg, 0.33 mmol) in THF (0.8 mL). After 30 min, all volatiles 
were removed under reduced pressure. The product was obtained as a dark red powder 
(188 mg, 32 mmol, 95%). Further drying in vacuo resulted in the loss of py ligands, a 
viscous product 27·(py)n (n = 1-1.5) and increased amounts of impurities.
 1H NMR 
(400 MHz, [D5]py, 25 °C): δ = 2.48 (t, 
3
JHH = 6.5 Hz, 4H, CH2
allyl), 4.02 (br, 2H, 4-
CHDHP), 4.34 (dd, 3JHH = 2.3, 6.5 Hz, 4H, 3,5-CH
DHP), 5.13 (d, 3JHH = 10.3 Hz, 2H, 
CH2
cis, allyl), 5.18 (d, 3JHH = 17.5 Hz, 2H, CH2
trans, allyl), 6.22 (m, 2H, CHallyl), 6.50 (d, 
3
JHH = 6.5 Hz, 4H, 2,6-CH
DHP), 7.19 (m, 8H, 3,5-CHpy), 7.55 (m, 4H, 4-CHpy), 8.71 
(m, 8H, 2,6-CHpy). 13C{1H} NMR (100 MHz, [D5]py, 25 °C): δ = 42-36 (4-CH
DHP), 
55.8 (CH2
allyl), 90.1-95.1 (3,5-CHDHP), 112.3-110.8 (CH2
allyl), 123.5 (3,5-CHpy), 135.5 
(4-CHpy), 138.6 (CHallyl), 141.7 (2,6-CHDHP), 149.9 (2,6-CHpy). 1H NMR (400 MHz, 
[D8]THF, 25 °C): δ = 2.04 (br, 4H, CH2
allyl), 3.39 (br, 2H, 4-CHDHP), 3.82-3.97 (br, 
4H, 3,5-CHDHP), 4.87 (d, 3JHH = 7.0 Hz, 2H, CH2
cis, allyl), 4.89 (d, 3JHH = 10.1 Hz, 2H, 
CH2
trans, allyl), 5.84 (br, 2H, CHallyl), 6.09-6.17 (br, 4H, 2,6-CHDHP), 7.26 (m, 8H, 3,5-
CHpy), 7.66 (tt, 3JHH = 7.7 Hz, 
4
JHH = 1.8 Hz, 4H, 4-CH
py), 8.56 (m, 8H, 2,6-CHpy). 
13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 36.9 and 36.1 (4-CH
DHP), 50.7 and 
49.7 (CH2
allyl), 98.4 and 94.8 (3,5-CHDHP), 114.4 and 113.5 (CH2
allyl), 138.7 (CHallyl), 
140.2 (2,6-CHDHP), 124.3 (3,5-CHpy), 136.2 (4-CHpy), 150.8 (2,6-CHpy). 
At lower temperature, [Ca(NC5H5-2-C3H5)2] (28) was observed as an intermediate. 
1H 
NMR (400 MHz, [D8]THF, 5 °C): δ = 1.49 (m, 2H, CH2
allyl), 2.73 (m, 2H, CH2
allyl), 
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3.79 (m, 2H, 2-CH), 4.20 (m, 2H, 5-CH), 4.33 (td, 3JHH = 5.6 Hz, 
4
JHH = 1.3 Hz, 2H, 3-
CH), 4.80 (m, 4H, CH2
allyl), 5.76 (m, 2H, 4-CH), 5.86 (m, 2H, CHallyl), 6.57 (br, 2H, 6-
CH). 
 
Reactions of 27·(py)4 with electrophiles E−Cl (E = CO2CH3, Si(CH3)3). To a 
solution of 27·(py)4 (14 mg, 23 µmol) in [D8]THF (0.3 mL), a solution of the 
corresponding electrophile (2.0 equiv) in [D8]THF (0.3 mL) was added. The colorless 
precipitate was filtered off. All 1H NMR spectra showed quantitative conversion of 27 
to give the corresponding acylated / silylated 4-allyl-1,4-dihydropyridine. The 
precipitate was identified as CaCl2 by precipitation of AgCl from an aqueous solution. 
4-Allyl-1-methylcarboxylate-1,4-dihydropyridine: 1H NMR (400 MHz, [D8]THF, 
25 °C): δ = 2.15 (tt, 3JHH = 6.9 Hz, 
4
JHH = 1.1 Hz, 2H, CH2
allyl), 3.00 and 2.80 (2 m, 
1H, 4-CH), 3.73 (s, 3H, CH3), 4.91-4.78 (br, 2H, 3,5-CH), 5.02 (d, 
3
JHH = 13.6 Hz, 2H, 
CH2
allyl), 5.78 (m, 1H, CHallyl), 6.82-6.55 (br m, 2H, 2,6-CH). This compound has been 
reported.[48] 4-Allyl-1-trimethylsilyl-1,4-dihydropyridine: 1H NMR (400 MHz, 
[D8]THF, 25 °C): δ = 0.14 (s, 9H, Si(CH3)3), 2.07 (tt, 
3
JHH = 6.8 Hz, 
4
JHH = 1.3 Hz, 
2H, CH2
allyl), 3.05 (2 m, 1H, 4-CH), 4.45-4.35 (m, 2H, 3,5-CH), 5.00-4.93 (m, 2H, 
CH2
allyl), 5.85-5.72 (m, 1H, CHallyl), 6.05-5.90 (m, 2H, 2,6-CH). 13C{1H} NMR 
(100 MHz, [D8]THF, 25 °C): δ = –1.18 (CH3), 33.71 (4-CH), 46.50 (CH2
allyl), 104.23 
(3,5-CH), 115.88 (CH2
allyl), 128.40 (2,6-CH), 137.22 (CHallyl). These data correspond 
well to those observed for 4,4’-disubstituted-1-(trimethylsilyl)-1,4-dihydropyridine 
derivatives.[49] 
 
In situ formation of [Ca(NC5H4-3-Me-4-C3H5)2] (29). To a solution of 
bis(allyl)calcium (5, 15 mg, 0.12 mmol) in [D8]THF (0.25 mL), a solution of 3-
picoline (23 mg, 0.25 mmol) in [D8]THF (0.25 mL) was added. The combined solution 
instantly turned from yellow to dark red and complete conversion of the starting 
material to give 29 was observed by NMR spectroscopy. 1H NMR (400 MHz, 
[D8]THF, 25 °C): δ = 1.49 (s, 6H, CH3), 2.27-1.96 (br m, 4H, CH2
allyl), 3.32 (s, 2H, 4-
CH), 3.95 (s, 2H, 5-CH), 4.94-4.79 (br, 4H, CH2
allyl), 5.90 (m, 2H, CHallyl), 6.02 (br s, 
2H, 2-CH), 6.18 (br d, 3JHH = 6.5 Hz, 2H, 6-CH).
 13C{1H} NMR (100 MHz, [D8]THF, 
25 °C): δ = 20.07 (CH3), 41.25 (4-CH), 44.33 (CH2
allyl), 96.07 (5-CH), 114.15 
(CH2
allyl), 135.45 (2-CH), 138.50 (6-CH), 139.66 (CHallyl). The 3-C atom is proposed 
to show a resonance at 114.89 ppm, but could not be assigned unambiguously. 
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[Ca(NC5H3-3,5-Me2-4-C3H5)2(3,5-lu)4] (30·(3,5-lu)4). Bis(allyl)calcium (5, 63 mg, 
0.52 mmol) was dissolved in 3,5-lutidine (1.0 mL). Upon cooling to −35 °C for several 
days, red crystals suitable for X-ray diffraction were formed (185 mg, 0.24 mmol, 
47%). 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 1.50 (br s, 12H, CH3
DHP), 2.24 (br, 
28H, CH3
3,5-lu and CH2
allyl), 3.33 (t, 3JHH = 3.8 Hz, 2H, 4-CH
DHP), 4.73-4.97 (m, 4H, 
CH2
allyl), 5.99 (m, 2H, CHallyl), 6.10 (s, 4H, 2,6-CHDHP), 7.30 (m, 4H, 4-CH3,5-lu), 8.18 
(m, 8H, 2,6-CH3,5-lu). 13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 18.19 (CH3
3,5-
lu), 20.64 (CH3
DHP), 37.90 (4-CHDHP), 46.32 (CH2
allyl), 100.28 (3,5-CDHP), 113.64 
(CH2
allyl), 133.01 (3,5-C3,5-lu), 136.06 (2,6-CHDHP), 137.36 (4-CH3,5-lu), 140.44 (CHallyl), 
148.32 (2,6-CH3,5-lu). 
 
[Ca(4,4’-(C3H5)2-(C10H8N2)(THF)] (31·(THF)). A solution of 2,2’-bipyridine 
(128 mg, 0.82 mmol) in THF (2 mL) was added to a solution of 5 (100 mg, 
0.82 mmol) in THF (2 mL). After stirring for 30 min all volatiles were removed under 
reduced pressure. After washing with pentane and drying under vacuum, the product 
was obtained as a dark red powder (281 mg, 0.80 mmol, 98%). 1H NMR (400 MHz, 
[D8]THF, 25 °C): δ = 1.76 (m, 4H, THF), 1.98 (br t, 
3
JHH = 6.0 Hz, 4H, CH2
allyl), 3.32 
(br, 2H, 4,4’-CH), 3.62 (m, 4H, THF), 3.89 (br d, 3JHH = 6.9 Hz, 2H; 5,5’-CH), 4.34 
(br, 2H, 3,3’-CH), 4.85 (br m, 4H, CH2
allyl), 5.79 (m, 2H, CHallyl), 6.30 (br d, 3JHH = 
7.0 Hz, 2H, 6,6’-CH). 13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 26.38 (THF), 
37.56 (4,4’-CH), 50.04 (CH2
allyl), 68.22 (THF), 92.42 (3,3’-CH), 96.52 (5,5’-CH), 
114.11 (CH2
allyl), 138.99 (CHallyl), 139.39 (6,6’-CH), 150.07 (2,2’-C). Metal analysis 
calcd (%) for C20H26CaN2O (350.51): Ca 11.43; found: Ca 10.93. 
 
[Ca(NC13H9-9-C3H5)2(THF)] (32·(THF)). A solution of acridine (293 mg, 
1.64 mmol) in THF (1 mL) was added to a stirred solution of 5 (100 mg, 0.82 mmol) 
in THF (1 mL). The resulting, dark red reaction mixture was stirred at 25 °C for 
30 min. After removal of all volatiles, washing with pentane and drying under reduced 
pressure, the product was obtained as beige powder (422 mg, 0.76 mmol, 94%). 1H 
NMR (400 MHz, [D8]THF, 25 °C): δ = 1.77 (m, 4H, THF), 2.21 (t, 
3
JHH = 7.1 Hz, 4H, 
CH2
allyl), 3.62 (m, 4H, THF), 3.87 (t, 3JHH = 6.7 Hz, 2H, 9-CH), 4.80 (m, 4H, CH2
allyl), 
5.76 (m, 2H, CHallyl), 6.41 (t, 3JHH = 7.3 Hz, 4H, 2,7-CH), 6.61(d, 
3
JHH = 7.3 Hz, 4H, 
1,8-CH), 6.78 (t, 3JHH = 7.4 Hz, 4H, 3,6-CH), 6.86 (d,
 3
JHH = 7.4 Hz, 4H, 4,5-CH). 
13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 26.37 (THF), 45.90 (9-CH), 46.39 
(CH2
allyl), 68.21 (THF), 115.62 (CH2
allyl), 116.07 (2,7-CH), 116.65 (1,8-CH), 125.69 
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(3,6-CH), 127.10 (4,5-CH), 129.73 (8a,9a-C), 138.69 (CHallyl), 151.99 (4a,10a-C). 
Metal analysis calcd (%) for C36H36CaN2O (552.76): Ca 7.25; found: Ca 7.30. 
 
[Ca(NC9H7-4-C3H5)2(THF)] (33·(THF)) and in situ formation of [Ca(NC9H7-2-
C3H5)2] (34). To a stirred solution of 5 (100 mg, 0.82 mmol) in THF (2 mL), a 
solution of quinoline (212 mg, 1.64 mmol) in THF (1 mL) was added. The dark orange 
mixture was stirred for 5 d at 25 °C. After removal of all volatiles, washing with 
pentane and drying under reduced pressure, the product was obtained as an orange 
powder (370 mg, 0.82 mmol, > 99%). 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 1.77 
(m, 4H, THF), 2.12 (m, 4H, CH2
allyl), 3.62 (m, 4H, THF), 3.64 (m, 2H, 4-CH), 4.02 
(dd, 3JHH = 4.3, 7.4 Hz, 2H, 3-CH), 4.82 (m, 4H, CH2
allyl), 5.82 (m, 2H, CHallyl), 6.26 
(td, 3JHH = 7.3 Hz, 
4
JHH = 1.2 Hz, 2H, 6- or 7-CH), 6.28 (d, 
3
JHH = 7.0 Hz, 2H, 5- or 8-
CH), 6.36 (d, 3JHH = 7.5 Hz, 2H, 2-CH), 6.62 (dd, 
3
JHH = 7.0 Hz, 
4
JHH = 1.6 Hz, 2H, 8- 
or 5-CH), 6.65 (td, 3JHH = 7.5 Hz, 
4
JHH = 1.5 Hz, 2H, 7- or 6-CH). 
13C{1H} NMR 
(100 MHz, [D8]THF, 25 °C): δ = 26.41 (THF), 40.00 (4-CH), 49.02 (CH2
allyl), 68.37 
(THF), 92.46 (3-CH), 114.39 (CH2
allyl), 115.49 (6- or 7-CH), 118.48 (2-CH), 124.77 
(4a-C), 125.48 (5- or 8-CH), 129.45 (7- or 6-CH), 138.95 (CHallyl), 139.23 (8- or 5-
CH), 152.71 (8a-C). Metal analysis calcd (%) for C29H32CaN2O (452.64): Ca 8.85; 
found: Ca 8.02. 
On NMR scale, the 2-allylated intermediate 34 was identified. It has to be noted, that 
the following assignment was not verified by 2D NMR spectroscopy: 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 2.00 and 2.34 (2 m, 4H, CH2
allyl), 4.18 and 4.25 (2 m, 
2H, 2-CH), 4.86 (d, 3JHH = 6.9 Hz, 2H, CH2
cis, allyl), 4.88 (d, 3JHH = 9.0 Hz, 2H, CH2
trans, 
allyl), 5.26 (dd, 3JHH = 5.0, 9.3 Hz, 2H, 3-CH), 5.83 (t, 
3
JHH = 7.0 Hz, 2H, 4-CH), 5.92 
(m, 2H, CHallyl), 6.05-6.65 (4 m, 8H, 5-CH, 6-CH, and 7-CH). 
 
[Ca(NC9H7-1-C3H5)2(THF)3] (35·(THF)3). To a stirred solution of 5 (100 mg, 
0.82 mmol) in THF (2 mL), a solution of isoquinoline (212 mg, 1.64 mmol) in THF 
(1 mL) was added. The dark red mixture was stirred for 30 min. After removal of the 
solvent under reduced pressure, washing with pentane and drying in vacuum, the 
product was obtained as an orange powder (484 mg, 0.81 mmol, 99%). Single crystals 
of 35·(THF)4 were obtained in low yield from a cooled 0.13 M solution of 35·(THF)3 in 
THF with 1 equiv of triglyme added. The 13C NMR spectrum displayed two distinct 
resonances for certain carbon atoms (marked with *). These were attributed to the 
presence of two diastereomers of the product complex. 1H NMR (400 MHz, [D8]THF, 
25 °C): δ = 1.77 (m, 12H, THF), 1.83 (m, 2H, CH2
allyl), 2.80 (m, 2H, CH2
allyl), 3.62 (m, 
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12H, THF), 4.26 (m, 2H, 1-CH), 4.74 (m, 4H, CH2
allyl), 4.80 (d, 3JHH = 6.1 Hz, 2H, 4-
CH), 5.64 (m, 2H, CHallyl), 6.46 (d, 3JHH = 7.5 Hz, 2H, 5- or 8-CH), 6.48 (td, 
3
JHH = 
7.3 Hz, 4JHH = 1.0 Hz, 2H, 6- or 7-CH), 6.56 (d, 
3
JHH = 6.6 Hz, 2H, 3-CH), 6.72 (m, 
4H, 8- or 5-CH and 7- or 6-CH). 13C{1H} NMR (100 MHz, [D8]THF, 25 °C): 
δ = 26.54 (THF), 39.54 (CH2
allyl), 39.59 (CH2
allyl*), 63.02 (1-CH), 63.05 (1*-CH), 
68.39 (THF), 88.99 (4-CH), 113.98 (CH2
allyl), 118.82 (5-8-CH), 119.28 (5-8-CH), 
125.98 (5-8-CH), 126.38 (3-CH), 126.41 (3*-CH), 126.47 (4a or 8a-C), 126.52 (4a* or 
8a*-C), 139.06 (8a or 4a-C), 139.07 (8a* or 4a*-C), 140.06 (10-CH), 140.10 (10*-
CH), 149.17 (5-8-CH), 149.20 (5*-8*-CH). Metal analysis calcd (%) for 
C36H48CaN2O3 (596.86): Ca 6.71; found: Ca 6.68.  
 
[Ca(2-CH2-C5H4N)2(THF)] (36·(THF)) and in situ formation of [Ca(NC5H4-2-Me-
4-C3H5)2] (37). To a stirred solution of [Ca(C3H5)2] (5) (100 mg, 0.82 mmol) in THF 
(10 mL), a solution of 2-picoline (152 mg, 1.63 mmol) in THF (5 mL) was added. 
Heating under reflux conditions for 3 h at 70 °C resulted in a color change from 
orange to dark red. After removal of all volatiles, washing with pentane and drying 
under reduced pressure, the product was obtained as a dark red-brown, glossy powder 
(232 mg, 0.78 mmol, 96%).1H NMR (400 MHz, [D8]THF, 25 °C): δ = 1.77 (m, 4H, 
THF), 2.37 (s, 4H, Ca−CH2), 3.62 (m, 4H, THF), 5.08 (t, 
3
JHH = 5.9 Hz, 2H, 5-CH
Ar), 
5.83 (d, 3JHH = 9.0 Hz, 2H, 3-CH
Ar), 6.23 (t, 3JHH = 7.6 Hz, 2H, 4-CH
Ar), 7.11 (d, 
3
JHH = 5.8 Hz, 2H, 6-CH
Ar). 13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 26.35 
(THF), 55.32 (Ca−CH2), 68.22 (THF), 98.76 (5-CH
Ar), 116.36 (3-CHAr), 132.73 (4-
CHAr), 148.21 (2-CAr), 148.23 (6-CHAr). Metal analysis calcd (%) for C20H28CaN2O2 
(368.53): Ca 8.68; found: Ca 8.84. 
On NMR scale, the carbometalated intermediate 37 was identified: 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 1.59 (s, 6H, CH3), 1.89 (br t, 
3
JHH = 6.5 Hz, 4H, 
CH2
allyl), 3.26 (m, 2H, 4-CH), 3.66 (br t, 3JHH = 2.8 Hz, 2H, 3- or 5-CH), 3.78 (dt, 
3
JHH = 2.8, 7.0 Hz, 2H, 3- or 5-CH), 4.81 (br d, 
3
JHH = 8.7 Hz, 4H, CH2
allyl), 5.82-5.72 
(m, 2H, CHallyl), 6.15 (d, 3JHH = 7.0 Hz, 2H, 6-CH). 
13C{1H} NMR (100 MHz, 
[D8]THF, 25 °C): δ = 37.75 (4-CH), 50.37 (CH2
allyl), 94.52 and 93.17 (3,5-CH), 113.63 
(CH2
allyl), 117.33 (2- or 6-C(H)), 133.57 (CHallyl). The corresponding 6-CH or 2-C 
atom could not be assigned unambiguously. 
 
[Ca(4-CH2-C5H4N)2(THF)2] (39·(THF)2) and in situ formation of [Ca(NC5H4-4-
Me-4-C3H5)2] (38). To a stirred solution of 5 (100 mg, 0.82 mmol) in THF (8 mL), a 
solution of 4-picoline (152 mg, 1.63 mmol) in THF (2 mL) was added. The reaction 
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mixture was heated under reflux conditions for 18 h at 70 °C. A color change to black 
and the formation of a dark precipitate was observed. After removal of all volatiles, the 
product was washed with first pentane and then THF (ca. 20 mL). Drying of the 
remaining solid under reduced pressure afforded the product as a light brown powder 
(178 mg, 0.48 mmol, 59%). 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 1.77 (m, 8H, 
THF), 2.84 (s, 4H, Ca−CH2), 3.62 (m, 8H, THF), 5.26 (d, 
3
JHH = 6.2 Hz, 4H, 3,5-
CHAr), 6.32 (br, 4H, 2,6-CHAr). 13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 26.55 
(THF), 68.39 (THF), 71.79 (Ca−CH2), 110.21 (3,5-CH
Ar), 141.69 (2,6-CHAr), 150.69 
(4-CAr). Metal analysis calcd (%) for C20H28CaN2O2 (368.53): Ca 10.88; found: Ca 
10.98. 
On NMR scale, the carbometalated intermediate 38 was identified: 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 0.88 (br s, 6H, CH3), 1.99 and 1.82 (2 d, 
3
JHH = 
6.8 Hz, 4H, CH2
allyl), 4.01 and 3.61 (2 d, 3JHH = 6.5 Hz, 4H, 3,5-CH), 4.90-4.72 (br m, 
4H, CH2
allyl), 5.97-5.83 (m, 2H, CHallyl), 6.07 (br d, 3JHH = 6.5 Hz, 4H, 2,6-CH). 
13C{1H} NMR (100 MHz, [D8]THF, 25 °C): δ = 35.63-36.63 (CH3), 54.58 (CH2
allyl), 
99.48-99.19 (3,5-CH), 113.62 (CH2
allyl), 138.64-138.27 (2,6-CH), 139.54 (CHallyl). The 
4-C atom could not be assigned unambiguously. 
 
[Ca(2-CH2-C5H3N-6-Me)2(THF)n] (40·(THF)n; n = 0-3) and in situ formation of 
[Ca(NC5H3-2,6-Me2-4-C3H5)2] (41) and [Ca(2,6-(CH2)2-C5H3N)] (42). a) To a 
stirred solution of 5 (150 mg, 1.23 mmol) in THF (12 mL), a solution of 2,6-lutidine 
(263 mg, 2.45 mmol) in THF (3 mL) was added. The reaction mixture was stirred for 
24 h at 25 °C and a color change from orange to red was observed. After removal of 
all volatiles, washing with pentane and drying under reduced pressure, the product was 
obtained as a dark orange powder (n = 0.75, 356 mg, 1.16 mmol, 95%). 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 1.78 (m, 3H, THF), 1.88 (s, 6H, CH3), 2.32 (s, 4H, 
Ca−CH2), 3.64 (m, 3H, THF), 5.11 (d, 
3
JHH = 6.3 Hz, 2H, 5-CH
Ar), 5.76 (d, 3JHH = 
8.5 Hz, 2H, 3-CHAr), 6.28 (dd, 3JHH = 6.5, 8.8 Hz, 2H, 4-CH
Ar). 13C{1H} NMR 
(100 MHz, [D8]THF, 25 °C): δ = 24.26 (CH3), 26.22 (THF), 55.79 (Ca−CH2), 68.20 
(THF), 99.33 (5-CHAr), 112.66 (3-CHAr), 133.27 (4-CHAr), 156.19 (6-CAr), 165.18 (2-
CAr). Metal analysis calcd (%) for C17H22CaN2O0.75 (306.45): Ca 13.08; found: Ca 
13.36.  
b) To a solution of 2,6-lutidine (88 mg, 0.82 mmol) in THF (1 mL), a solution of 5 
(50 mg, 0.41 mmol) in THF (4 mL) was added. The reaction mixture was stirred at 
25 °C for 24 h. Pentane (50 mL) was added and clouding was observed. Reducing the 
volume of this mixture to < 5 mL resulted in the precipitation of a yellow solid, which 
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was isolated by filtration. After washing with pentane and drying under reduced 
pressure, the base-free product 40 was obtained as a yellow powder (n = 0, 24 mg, 
0.10 mmol, 23%). Single crystals of 40·(THF)3 were obtained by cooling the combined 
filtrate to −30 °C. The yield (47 mg, 0.12 mmol, 29%) is given for the bis(THF) 
adduct, 40·(THF)2, as drying under argon at ambient pressure resulted in the rapid loss 
of one THF molecule per formula unit to give a powder instead of orange crystals. 
Metal analysis calcd (%) for C14H16CaN2 (252.37): Ca 15.88; found: Ca 15.44. 
On NMR scale, the carbometalated intermediate 41 and the doubly activated species 
42 were identified. 41: 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 1.63 (s, 12H, CH3), 
1.85 (tm, 3JHH = 6.7 Hz, 4H, CH2
allyl), 3.18 (m, 2H, 4-CH), 3.65 (d, 3JHH = 3.5 Hz, 4H, 
3,5-CH), 4.76 and 4.79 (2 m, 4H, CH2
allyl), 5.72-5.82 (m, 2H, CHallyl). 42: 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 2.04 (br, 4H, Ca−CH2), 4.89 (br d, 
3
JHH = 8.3 Hz, 
2H, 3,5-CHAr), 6.10 (t, 3JHH = 7.8 Hz, 1H, 4-CH
Ar). 13C{1H} NMR (100 MHz, 
[D8]THF, 25 °C): δ = 47.59 (br, Ca−CH2), 93.92 (br, 3,5-CH
Ar), 135.32 (4-CHAr), 
168.10 (2,6-CAr). 
 
[Ca(2-C5H3N-4-tBu)2(THF)2] (45·(THF)2) and in situ formation of [Ca(NC5H4-4-
tBu-2-C3H5)2] (43) and [Ca(NC5H4-4-tBu-4-C3H5)2] (44). A solution of 4-tert-
butylpyridine (221 mg, 1.63 mmol) in THF (5 mL) was added to a solution of 5 
(100 mg, 0.82 mmol) in THF (15 mL). The dark reaction mixture was stirred at 25 °C 
for 7 d. After removal of all volatiles, washing with pentane and drying under reduced 
pressure, the product was obtained as a dark powder (373 mg, 0.82 mmol, > 99%).1H 
NMR (400 MHz, [D8]THF, 25 °C): δ = 0.90 (s, 18H, CH3
tBu), 1.77 (m, 8H, THF), 3.62 
(m, 8H, THF), 4.09 (dd, 3JHH = 6.8 Hz, 
4
JHH = 1.8 Hz, 2H, 5-CH
Ar), 5.29 (d, 4JHH = 
1.3 Hz, 2H, 3-CHAr), 6.55 (d, 3JHH = 6.8 Hz, 2H, 6-CH
Ar). 13C{1H} NMR (100 MHz, 
[D8]THF, 25 °C): δ = 26.37 (THF), 29.46 (CH3
tBu), 33.99 (CtBu), 68.20 (THF), 93.26 
(5-CHAr), 110.31 (3-CHAr), 120.30 (2-CAr), 141.31 (4-CAr), 150.44 (6-CHAr). Metal 
analysis calcd (%) for C26H40CaN2O2 (452.69): Ca 8.85; found: Ca 8.61. 
On NMR scale, the 2- and 4-allylated intermediates 43 and 44 were identified. 43: 1H 
NMR (400 MHz, [D8]THF, 25 °C): δ = 1.02 (s, 18 H, tBu), 1.55 and 2.65 (2 br, 4H, 
CH2), 3.82 (td, 
3
JHH = 4.0, 4.9 Hz, 2H, 2-CH), 4.13 (d, 
3
JHH = 4.9 Hz, 2H, 3-CH), 4.43 
(d, 3JHH = 5.1 Hz, 2H, 5-CH), 4.77 (m, 4H, CH2), 5.91 (m, 2H, CH
allyl), 6.61 (d, 
3
JHH = 5.4 Hz, 2H, 6-CH). 44: 1H NMR (400 MHz, [D8]THF, 25 °C): δ = 0.78 (s, 
18H, tBu), 1.80 (d, 3JHH = 5.4 Hz, 4H, CH2), 3.52 (d, 
3
JHH = 6.8 Hz, 4H, 3,5-CH), 4.66 
(br m, 4H, CH2), 6.01 (m, 2H, CH
allyl), 6.16 (br d, 3JHH = 6.8 Hz, 4H, 2,6-CH). 
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General procedure for the reaction of bis(allyl)calcium with furan, 2-methyl 
furan and 2,5-dimethyl furan. To a solution of bis(allyl)calcium (23 mg, 0.19 mmol) 
in [D8]THF (0.25 mL), a solution of the furan derivative (furan: 13 mg, 0.19 mmol; 
26 mg, 0.38 mmol; 39 mg, 0.56 mmol; 2-methylfuran: 30 mg, 0.37 mmol; 2,5-
dimethylfuran: 36 mg, 0.37 mmol) in [D8]THF (0.25 mL). A color change to red was 
observed within few hours. Extended reaction times led to inhomogeneous dark 
brown/black reaction mixtures. Analysis by NMR or GC/MS proved unsuccessful, as 
the products were insoluble in THF, Et2O, and D2O. During the course of the reaction, 
2-furyl calcium species were identified: 1H NMR (400 MHz, [D8]THF, 25 °C): 
δ = 6.12 (dd, 3JHH = 1.5, 2.8 Hz, 1H, 4-CH), 6.51 (d, 
3
JHH = 2.8 Hz, 1H, 3-CH), 7.66 
(d, 3JHH = 1.5 Hz, 1H, 5-CH). 
 
Reaction of bis(allyl)calcium with 2,5-dihydrofuran. To a solution of 
bis(allyl)calcium (15 mg, 0.12 mmol) in [D8]THF (0.3 mL), a solution of 2,5-
dihydrofuran (19 mg, 0.27 mmol) in [D8]THF (0.3 mL) was added. After 45 d, a sharp 
signal pattern was observed in the 1H NMR spectrum of the dark reaction mixture. 
These resonances were assigned to a 4-substituted 2,3-dihydrofuran: 1H NMR 
(400 MHz, [D8]THF, 25 °C): δ = 2.53 (tt, 
3
JHH = 9.6 Hz, 
4
JHH = 2.3 Hz, 2H, 3-CH2), 
4.20 (t, 3JHH = 9.8 Hz, 2H, 2-CH2), 6.29 (q, 
4
JHH = 2.4 Hz, 1H, 5-CH). It is proposed, 
that the 4-position was calciated. 
 
Reaction of bis(allyl)calcium with [ZrCp2Cl2] and furan or 2,5-dihydrofuran. a) 
To a solution of [ZrCp2Cl2] (25 mg, 0.09 mmol) in [D8]THF (0.3 mL), a solution of 
bis(allyl)calcium (10 mg, 0.08 mmol) in [D8]THF (0.3 mL) was added. A color change 
from yellow to red/brown and the formation of a colorless precipitate was observed. 
The 1H NMR spectrum of the reaction solution showed two signal patterns 
(ratio = 10:1.6). The one with higher concentration was assigned to [Zr(η5-Cp)2(η
3-
C3H5)2]: 
1H NMR (400 MHz, [D8]THF, 25 °C): δ = 2.82 (d, 
3
JHH = 11.5 Hz, 8H, CH2), 
5.52 (s, 10H, C5H5), 5.72 (quint, 
3
JHH = 11.5 Hz, 2H, CH). This corresponds well to 
NMR data reported for allylzirconium complexes.[45] The second signal pattern was 
observed at lower field: 3.14 (d, 3JHH = 11.0 Hz, CH2), 5.98 (quint, 
3
JHH = 11.0 Hz, 
CH), 6.24 (s, C5H5). Addition of furan or 2,5-dihydrofuran to the reaction mixture did 
not lead to reaction within one day. b) A solution of [ZrCp2Cl2] (25 mg, 0.09 mmol) in 
[D8]THF (0.5 mL) was added to furan (14 mg, 0.21 mmol) or 2,5-dihydrofuran 
(14 mg, 0.20 mmol). No reaction was observed by NMR spectroscopy. 
Bis(allyl)calcium (10 mg, 0.08 mmol) was added to the reaction mixture and a 
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colorless precipitate was formed. 1H NMR spectra indicated the coexistence of [Zr(η5-
Cp)2(η
3-C3H5)2] and the furan derivative, repsctively. No reaction was observed within 
one day.  
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B.5. REACTIVITY OF BIS(ALLYL)CALCIUM TOWARDS HYDRIDE SOURCES AND 
CALCIUM HYDRIDE FORMATION 
B.5.1. Introduction  
Metal hydride complexes play a major role as catalysts and proposed key 
intermediates in various chemical transformations. Many examples of soluble metal 
hydride complexes have been reported for d- and f-block metals.[1,2] Commonly 
employed ligands are (C5Me5)
−,[3] (C5Me4SiMe3)
−,[2b,4] and tris(pyrazolyl)borates.[5] 
More recent reports introduced azacrown ethers,[6] bis(phosphinophenyl)amido pincer 
ligands,[7] and pyridine-2-yl-amido ligands[8] for the stabilization of polyhydride 
complexes of the rare earth metals. Well defined cationic hydride complexes have 
been obtained, but remain scarce.[9] The formation of polynuclear, hydride bridged 
cluster compounds was frequently observed and is regarded typical for most isolated 
compounds. Whilst hydrides of d- and f-block metals have been studied to a greater 
extent, molecular hydride complexes of group 2 metals have attracted attention only 
recently. This is partly due to possible applications as hydrogen-storage materials.[10] 
Only few well defined examples have been reported for hydride complexes of 
beryllium,[11] and magnesium.[10c,12] Whereas the metal hydrogen bond has a more 
covalent character for the lighter congeners (∆ENM−H = 0.63 (beryllium), 0.89 
(magnesium)), the calcium hydrogen bond can be regarded as ionic (∆ENCa−H = 
1.20).[13] Only one example of a well soluble and fully characterized calcium hydride 
complex has been reported.[14] This dimeric calcium hydride [Ca(Dipp-
nacnac)(H)(THF)]2 (Dipp = 2,6-diisopropylphenyl) was extensively tested in 
homogeneous catalysis and various ligand modification reactions.[15]  
[Ca(Dipp-nacnac)(H)(THF)]2 and [Ca(DMAT)2(THF)2] (DMAT = 2-((dimethyl-
amino)phenyl)(trimethylsilyl)methyl) are the only calcium-based catalysts, which have 
been reported for alkene hydrogenation.[16] Oligomerization and polymerization 
reactions compete with hydrogenation in polar solvents, but were suppressed when 
benzene was used as a solvent. Decreased reaction rates were observed for this 
solvent.[15a] The proposed mechanism proceeds through hydrocalciation of the double 
bond by a Ca−H fragment and subsequent σ-bond metathesis between the new calcium 
carbon bond and H2 (Scheme B.5.1-1).  
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Scheme B.5.1-1. Proposed catalytic cycle for the hydrogenation of alkenes with 
organocalcium complexes; X− = monoanionic ancillary ligand.[15a] 
 
Hydrido calcium complexes have also been reported to catalyze hydrosilylation of 
double bonds. Although the nature of the catalytically active species remains unclear, a 
calcium hydride complex is crucial. If a similar reaction mechanism as for 
organolanthanide catalysts is realized, the calcium hydride catalyst is generated by 
alkyl/hydride exchange from the catalyst precursor and a silane (Scheme B.5.1-2). An 
unsaturated bond may then insert into the Ca−H bond and upon σ-bond metathesis 
with another silane, the catalyst is regenerated with concomitant release of the 
hydrosilylated product. An alternative mechanism was proposed wherein a calcium 
hydride species reacts with a silane to form a pentavalent hydridosilicate anion with an 
organocalcium cation.[16] [RSiH4]
− may act as a catalyst by concerted addition to the 
double bond or may eliminate H2 to yield a calcium silanide catalyst. 
 
 
Scheme B.5.1-2. Proposed catalytic cycle for the hydrosilylation of alkenes with 
organocalcium complexes; Left: hypervalent hydridosilicate as the active species; Right: 
calcium silanide complex as the active species; X− = monoanionic ancillary ligand.[16] 
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B.5.2. Results and Discussion 
 
Reaction of Bis(allyl)calcium with PhSiH3 or Ph2SiH2 
 
Scheme B.5.2-1. Reaction of bis(allyl)calcium (5) with PhSiH3 or Ph2SiH2 to yield allylated 
silanes from ligand exchange reactions. [CaH2(L)n]m is a calcium dihydride complex of 
undefined nuclearity stabilized by donor ligands L. 
 
Reaction of bis(allyl)calcium with one equivalent of PhSiH3 or Ph2SiH2 in [D8]THF 
led to the quantitative formation of PhSiH(C3H5)2 and Ph2Si(C3H5)2, respectively. 
These products were identified by 1H NMR spectroscopy and have been reported 
earlier.[17] As the allylated silanes were formed in quantitative amounts, [CaH2(L)n]m 
(L = neutral Lewis base) had to be formed. Surprisingly, [CaH2(L)n]m did not 
precipitate from the reaction mixture and a very broad proton resonance (3.88-
4.78 ppm) was assigned to calcium dihydride. Integration and chemical shift of this 
signal meet the expected values.[14] When 0.6 M solutions of [Ca(C3H5)2] and Ph2SiH2 
in THF were combined, the mixture became turbid. The freshly generated precipitate 
was redissolved by addition of few drops of THF. This indicates a concentration 
dependence for the precipitation [CaH2(L)n]m from the reaction mixture. Independent 
experiments as well as literature reports proved the insolubility of pure or in situ 
generated CaH2 in THF and immediate precipitation was observed. Apparently, 
[CaH2(L)n]m, which was formed from the ligand exchange of [Ca(C3H5)2] with 
Ph2SiH2 and PhSiH3, is stabilized in the reaction solution. 
 
Scheme B.5.2-2. Reaction of in situ generated [CaH2(L)n]m with 9-fluorenone and formation 
of a calcium ketyl radical complex 46.  
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To prove the existence of [CaH2(L)n]m, 9-fluorenone was added to the reaction 
mixtures (Scheme B.5.2-2). Instant color change from yellow to dark brown and H2 
gas evolution were observed. The proposed product from this redox reaction is 
[Ca(OC13H8)2(THF)n] (46·(THF)n). The closely related compounds 
[Ca(OC13H8)2(HMPA)m(THF)n] (m = n = 2; m = 3, n = 1) have been isolated from the 
reaction of calcium metal and 9-fluorenone.[18] It remains unclear why the formation of 
calcium 9H-fluoren-9-olate is circumvented in favor of the ketyl complex 46. Similar 
observations have been made for the reaction of the isolated hydride complex 
[Ca(Me3TACD)3(H)2][Ph3SiH2] (47) with 9-fluorenone (see below). Even though 
pentavalent hydridosilicates are known to serve as electron transfer agents,[19] the 
formation of such hypervalent species was not observed for the present reaction.  
When the reaction was carried out in the reverse order (i.e., [Ca(C3H5)2] converted 
with 9-fluorenone and then PhSiH3 or Ph2SiH2), neither gas evolution, nor color 
change of the reaction mixture was observed. Similarly, no reaction was observed 
when Ph2SiH2 was treated with 9-fluorenone in THF. 
 
Reaction of [(Me3TACD)Ca(C3H5)]2 with Ph2SiH2 and Isolation of 
[Ca3(Me3TACD)3(H)2][Ph3SiH2] (47) 
 
Scheme B.5.2-3. Synthesis of calcium hydride complex [Ca3(Me3TACD)3(H)2][Ph3SiH2] (47). 
 
Reaction of the heteroleptic complex [Ca(Me3TACD)(C3H5)]2 (16) with 2.2 
equivalents of Ph2SiH2 in THF at 25 °C, led to formation of the trinuclear, cationic 
calcium hydride cluster [Ca3(Me3TACD)3(µ3-H)2][Ph3SiH2] (47). Product 47 was 
isolated in 29% yield as yellow plate-like single crystals by crystallization from the 
reaction mixture. The molecular structure of 47 in the solid state is depicted in Figure 
B.5.2-1. Compound 47 is the first cationic hydride complex of calcium and the second 
isolated calcium hydride complex. Although several pentavalent silicates have been 
described,[19,20] purely carbon substituted hydridosilicates are extremely rare and 47 
constitutes the second isolated compound bearing a [Ph3SiH2]
− anion.[20a] 
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Variations in the order of mixing (e.g., reaction of Ca(C3H5)2 first with Ph2SiH2 and 
then with (Me3TACD)H; reaction of Ca(C3H5)2 with a mixture of Ph2SiH2 and 
(Me3TACD)H; reaction of in situ generated [(Me3TACD)Ca(C3H5)]2 with Ph2SiH2) 
gave unsatisfactory results. Similarly, precipitation of the product by addition of 
pentane to the reaction mixture did not yield clean 47 but a viscous solid. The 1H 
NMR spectrum thereof showed [Ca3(Me3TACD)3(H)2]
+, traces of [Ph3SiH2]
− and 
multiple aromatic resonances. The latter were attributed to speculative silanides of the 
formula [PhxSiHy]
− (x+y = 3). It is proposed that during the formation of 47, various 
anions are present in the reaction mixture, one of which is [Ph3SiH2]
−. As the latter is 
found in the crystal structure of 47, which crystallizes from the reaction mixture, the 
combination of [Ca3(Me3TACD)3(H)2]
+ and [Ph3SiH2]
− must be the best match with a 
high lattice energy. 
 
 
 
 
 
 
 
 
 
 
 
Figure B.5.2-1. Molecular structure of 47 in the solid state. Cationic part (left) and anionic 
part (right). All non-hydridic H atoms as well as non-coordinating THF molecules have been 
omitted for clarity. Displacement ellipsoids are shown at the 50% probability level (non-
hydride) or at the 20% probability level (hydride). 
 
Compound 47 crystallizes in the monoclinic space group Cc (No. 9). The closest 
calcium silicon contact, Ca1−Si1, is more than 24 Å, indicative of a separated ion pair. 
The cationic core structure can be described as a threefold amide-capped Ca3H2 
trigonal bipyramide, wherein three calcium and three nitrogen atoms lie in one plane 
and hydrides occupy the apical positions. The calcium hydride distances are different 
(averages: Ca−H1 2.16(8), Ca−H2 2.34(8)). These are considerably longer than 
reported for [Ca(Dipp-nacnac)(H)(THF)]2.
[14] The bond lengths for the µ2-N bridges 
are closely similar and range from Ca2−N9 2.413(8) Å to Ca3−N9 2.478(7) Å, 
whereas longer bond lengths are observed for the dative interactions between the 
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calcium and N(sp3) atoms (varying from Ca3−N12 2.575(8) Å to Ca3−N10 
2.649(9) Å). Symmetrical bridging is also indicated by very similar angles of 
153.0(3)° (N5-Ca1-N1), 153.9(2)° (N9-Ca2-N5), and 153.5(3)° (N1-Ca3-N9). 
Average metal metal distances of 3.356(3) Å are observed in the cationic fragment of 
47. In the anionic fragment, the coordination geometry around the silicon atom can be 
described as a trigonal bipyramide, wherein the hydrogen atoms occupy the apical 
positions (Si1−H3 1.60(9) Å and Si1−H4 1.62(9) Å, H3-Si1-H4 171(5)°). Relatively 
long Si−C(ipso) bond lengths of 1.925(13) Å are observed, compared to free 
Ph3SiH.
[21] This is attributed to the delocalized anionic charge and weakened silicon 
carbon interactions. These values are in good agreement with those observed for 
[K(18-crown-6)][Ph3SiH2].
[20a]  
Despite low solubility in [D8]THF, 47 was characterized by 
1H NMR spectroscopy. 
The hydridic resonances were observed at δ = 3.99 (s, CaH) and 5.95 (s, 
Ph3SiH2) ppm. The latter value corresponds well to the one observed for [K(18-crown-
6)][Ph3SiH2].
[20a] This suggests the presence of separated ion pairs in solution. 
Whereas sharp signals were observed for the anionic fragment and methyl groups of 
the (Me3TACD) ligand, only broad resonances were observed for its CH2 groups. This 
indicates a fluxional character of the azacrown ether on the NMR timescale. 
Integration of the corresponding 1H signals is in line with the formula of 47 and it is 
proposed that the cationic trimer is retained in [D8]THF solution. 
 
Catalytic Hydrogenation of 1,1-Diphenylethylene 
 
Scheme B.5.2-4. Catalytic hydrogenation of 1,1-diphenylethylene (DPE) with 
[Ca3(Me3TACD)3(H)2][Ph3SiH2] (47). 
To probe the catalytic activity of 47 in the hydrogenation of olefins, an excess of 
1,1-diphenylethylene (DPE) was mixed with a suspension of 47 in [D8]THF. First, the 
composition of the resulting mixture was investigated in the absence of H2. 
Subsequently, the sample was treated with H2 (1 bar).  
Upon mixing 47 with an excess of DPE a color change to deep red was observed. 
Color and 1H NMR data were in agreement with the formation of diphenylethane, 
triphenylsilane and the (1,1-diphenylethyl)calcium compound 
[Ca3(Me3TACD)3(H)2][C(Ph)2Me] (48). These products must have formed from two 
independent reactions as depicted in Scheme B.5.2-5. Identification of proposed 
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calcium triphenylsilanide [Ca3(Me3TACD)3(H)2][Ph3Si] (49) was made impossible by 
multiple overlapping aromatic proton resonances.  
After the stoichiometric reaction of 47 with DPE the sample was degassed and 
treated with H2 (1 bar). No significant increase of the hydrogenation product 
diphenylethane was observed within 19 h at 25 °C or 47 h at 50 °C. At 60 °C the 
catalytic hydrogenation proceeded to full conversion of the substrate within 13 d. 
Maximum concentration of diphenylethane was observed after ca. 25 d. The difference 
in time between total consumption of DPE and quantitative release of the final product 
diphenylethane indicates high kinetic inertness of the intermediate species. Based on 
these observations, the rate determining step of the catalytic hydrogenation of DPE 
with 47 is proposed to be the cleavage of H2.  
 
Scheme B.5.2-5. Stoichiometric reactions of DPE with [Ca3(Me3TACD)3(H)2][Ph3SiH2] (47). 
Left: formal H2 transfer from [Ph3SiH2]
− to DPE and formation of hydridocalcium silanide 49; 
right: formal H− transfer from [Ph3SiH2]
− to DPE and formation of hydridocalcium benzyl 
complex 48.  
 
During the course of the catalysed reaction, an additional signal pattern was 
observed, which seemed to interconvert with the signal pattern of 
[Ca3(Me3TACD)3(H)2][C(Ph)2Me] (48). These resonances were assigned to the 2,2-
diphenylethanide, [CH2CH(Ph)2]
−, complex 50, which is an isomer of the carbanion in 
48. At later stages, the proposed intermediate 50 was observed almost exclusively. The 
sum of the concentrations of 48 and 50 was roughly stationary over time.  
Because of limited experimental data, the proposed mechanism is only briefly 
discussed. A schematic representation is depicted in Figure B.5.2-2. Based on the 
products from reaction of 47 with excess DPE (Scheme B.5.2-5), two catalytically 
active species are possible: hydridocalcium benzyl complex 48 and hydridocalcium 
silanide 49. Either of this species is proposed to heterolytically cleave H2. Both 
pathways result in the formation of elusive neutral calcium hydride species. This 
compound may add to an olefin to regenerate 48 or add to a silane to yield a calcium 
hydridosilicate 47. The latter may then re-enter the catalytic cycle as described for the 
stoichiometric conversion of 47 with DPE. At this stage it cannot be decided, which of 
the two cycles is realized or if both operate to produce diphenylethane. Alternatively, 
the insertion of an olefin into the proposed calcium silanide 49 may yield silacalciated 
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products, which can then enter the catalytic cycle by H2 cleavage. Although this 
cannot be excluded, the formation of silacalciated products would not obey the β-
silicon effect which disfavours anionic charge in β-position to a silyl group.[22]  
 
 
Figure B.5.2-2. Possible catalytic cycles for the hydrogenation of DPE with 47 and H2. The 
cationic hydride cluster [Ca3(Me3TACD)3(H)2]
+ is abbreviated with [Ca]+. Left: H2 activation by 
calcium silanide 49; right: H2 activation by calcium benzyl complex 48. Regioselectivities of 
addition reactions are neglected. 
All proposed mechanisms involve the same or similar intermediates that might 
exchange and re-enter different catalytic cycles at any stage. The isolated product 47 
combines many possibilities of catalytic pathways, which have been described by 
Harder et al..[16]  
 
Reaction of 47 with 9-Fluorenone and Isolation of Fluorenyl Ketyl Complex 
[Ca(OC13H8)2{(Me3TACD)H}] (51) 
 
Scheme B.5.2-6. Synthesis of (Me3TACD)H supported calcium ketyl radical complex 51. 
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When a solution of 9-fluorenone in [D8]THF was added to a suspension of hydride 
complex 47 in [D8]THF, an instant color change to black and gas evolution was 
observed. Within few hours, black single crystals were formed from the reaction 
mixture. X-ray structure determination revealed the product to be the ketyl radical 
complex [Ca(OC13H8)2{(Me3TACD)H}] (51), the solid state structure of which is 
depicted in Figure B.5.2-3. Remarkably, this compound bears a neutral (Me3TACD)H 
ligand in the presence of two anionic ketyl radical ligands. 
 
 
Figure B.5.2-3. Molecular structure of compound 51 in the solid state. Displacement 
ellipsoids are shown at the 50% probability level (non-hydride) or at the 20% probability level 
(N−H). Hydrogen atoms (except N−H) omitted for clarity. Selected bond lengths (Å) and 
angles (°): Ca1−O1, 2.234(3); Ca1−O2, 2.220(3); Ca1−N1, 2.497(4); Ca1−N4, 2.548(4); 
O1−C12, 1.299(5); O2−C24, 1.292(4); O1-Ca1-O2, 96.26(11); O1-C12-C25, 126.2(4); O2-
C24-C37, 127.1(4). 
 
Compound 51 crystallizes in the monoclinic space group P21/n (No. 14). The 
calcium nitrogen distances vary in a small range between Ca1−N1 2.497(4) Å and 
Ca1−N4 2.548(4) Å. Although a µ2-bridging mode was observed for the amido 
nitrogen atoms in [Ca(Me3TACD)(C3H5)]2 (16) and [Ca3(Me3TACD)3(µ3-
H)2][Ph3SiH2] (47), the bond length of Ca1−N1 2.497(4) Å is slightly longer. This is in 
line with a neutral donor interaction between Ca1 and N1. The azacrown ether is 
coordinated to the metal center in a more symmetrical fashion, compared to 16 and 47. 
Compound 47 shows long calcium nitrogen contacts up to 2.606(7) Å (Ca2−N7) for 
the nitrogen atoms opposite to Namido atoms of the TACD rings. The difference in 
charge, that is the presence of (Me3TACD)H vs. (Me3TACD)
−, is regarded to be the 
reason for this scenario. The calcium oxygen distances observed for 51 are Ca1−O1 
2.234(3) Å and Ca1−O2 2.220(3) Å, what is comparable to the corresponding bond 
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lengths in ketyl complexes [Ca(OC13H8)2(HMPA)m(THF)n] (m = n = 2; m = 3, n = 
1).[18] In contrast to the HMPA supported complexes, the fluorenyl ketyl ligands adopt 
a non-linear coordination to the metal center and an angle of O1-Ca1-O2 96.26(11)° is 
observed. The fluorenyl ligands are planar, as reflected by the angle sums of 360° 
about C12 and C24. The bond lengths of the carbonyl groups are equal within limits of 
error (O1−C12 1.299(5) Å and O2−C24 1.292(4) Å) and reflect a bond order between 
one and two. They are similar to the corresponding bond lengths observed for 
[Ca(OC13H8)2(HMPA)m(THF)n].
[18] 
Characterization of compound 51 in solution was unsuccessful, as 51 showed low 
solubility in [D8]THF and the obtained 
1H NMR spectra displayed broad and 
inconclusive resonances. This might be due to the radical character of complex 51. 
The mechanism of its formation will not be discussed, as too little information is 
available. It has to be noted, that similar observations were made for the reaction of 
proposed [CaH2(L)n]m with 9-fluorenone (Scheme B.5.2-1.). 
 
Reactions of [(Me3TACD)Ca(C3H5)]2 with PhSiH3 and Ph3SiH 
Reactions of poorly soluble [(Me3TACD)Ca(C3H5)]2 (16) with PhSiH3 (2.1 equiv) and 
Ph3SiH (4.2 equiv) were performed to evaluate the general application of silanes for 
the generation of calcium hydride complex 47. In each NMR scale experiment, the 
formation of the cationic hydride cluster found in 47 was observed (Scheme B.5.2-7). 
 
 
Scheme B.5.2-7. Reaction of [(Me3TACD)Ca(C3H5)]2 (16) with phenylsilane or triphenylsilane 
and in situ formation of a cationic calcium hydride cluster with unknown counteranion(s) [A]−. 
 
Its characteristic proton resonance at 3.99 ppm as well as the coupling pattern and 
chemical shift of the (Me3TACD)
− ligand were observed in reaction mixtures of 16 
with PhSiH3 and Ph3SiH (Figure B.5.2-4). However, some differences have to be 
noted: The reaction with Ph3SiH proceeded much slower (2 d) than the reaction with 
PhSiH3 (ca. 4 h). Another difference is the applied stoichiometry. Whereas the 
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addition of 2.1 equiv of PhSiH3 proved sufficient for complete conversion of precursor 
16, treatment with 2.1 equiv of Ph3SiH led to an incomplete conversion. Addition of 
another 2.1 equiv of Ph3SiH (4.2 equiv in total) to the same reaction mixture resulted 
in complete conversion of poorly soluble precursor 16. 
Although formation of the cationic calcium hydride fragment was observed from 
reactions of 16 with PhSiH3 and Ph3SiH as hydride sources, the nature of the 
counteranion [A]− remains unclear. The presence of small amounts of [Ph3SiH2]
− was 
observed during the course of the reactions but other anions have to be formed to 
balance the cationic charge of the [Ca3(Me3TACD)3(H)2]
+ cluster. The aromatic region 
of the 1H NMR spectra displayed various species and few low intensity resonances 
were observed between ca. 4.5 and 6.5 ppm. This allows for possible counteranions of 
the silanide type [PhxSiHy]
− (x+y = 3). 
 
Attempted Synthesis of a Calcium Hydride Complex from CaH2 and (Me3TACD)H 
 
Scheme B.5.2-8. Attempted Synthesis of [Ca(Me3TACD)(H)] by protonolysis of CaH2. 
 
The attempted synthesis of a calcium hydride complex (e.g., [Ca(Me3TACD)(H)]) 
by reaction of calcium dihydride and the proligand (Me3TACD)H failed. Variation of 
the solvent from neat THF to a 1:4 mixture of THF/toluene and application of 
temperatures as high as 130°C did not lead to a sufficient activation of the reactants. 
1H NMR spectra recorded during or after reaction indicated the presence of non-
coordinated (Me3TACD)H. No reaction was observed. 
 
Attempted Synthesis of a Calcium Hydride Complex with LiAlH4 or LiEt3BH 
 
Scheme B.5.2-9. Attempted Conversion of 16 with LiAlH4 or LiEt3BH. 
 
The attempted synthesis of a calcium hydride complex (e.g, [Ca(Me3TACD)(H)]) by 
reaction of [Ca(Me3TACD)(C3H5)]2 (16) with complex hydrides such as [LiAlH4] and 
[LiEt3BH] failed. No reaction was observed within one day. 
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Attempted Synthesis of a Calcium Hydride Complex with H2 
 
Scheme B.5.2-10. Reaction of 16 with H2, proposed formation of calcium hydride 
intermediates and subsequent hydrogenation of propene and degradation of the (Me3TACD)-
ring.  
 
In an attempt to prepare a calcium hydride complex from 16, a suspension of the 
heteroleptic precursor 16 in [D8]THF was treated with H2 (1 bar). The color of the 
reaction mixture gradually changed from pale yellow to purple and many different 
species were observed by 1H NMR spectroscopy: the main products from 
hydrogenolysis were identified to be propene, non-coordinating (Me3TACD)H and at 
least six calcium hydride complexes (Scheme B.5.2-10). The latter showed 
characteristic singlets of low intensity between 3.93 and 4.15 ppm (Figure B.5.2-4). 
After 23 h, considerable amounts of propane were observed, most likely from the 
calcium-mediated hydrogenation of propene. Vinyl-terminated ring degradation 
products were observed in the 1H NMR spectra, evident from characteristic signal 
patterns (multiple dd at ca. 6.2 ppm). In the 1H NMR spectrum, the region around 
4 ppm showed increased amounts of calcium-bound hydrogen. No attempts were 
undertaken to isolate a calcium hydride complex from this product mixture. 
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Figure B.5.2-4. 1H NMR spectra in [D8]THF. CaH region enlarged for reactions of 
[Ca(Me3TACD)(C3H5)]2 (16) with a) H2 (in situ); b) PhSiH3 (in situ); c) Ph2SiH2 (in situ); d) 
Ph3SiH (in situ); e) compound 47 (isolated).  
 
 
B.5.3. Conclusion 
The monoanionic (Me3TACD)
− ligand is suitable for the stabilization of calcium 
hydride complexes. Whereas LiAlH4 and LiEt3BH did not afford any calcium hydride 
species, phenylsilanes proved to be appropriate hydride sources for the generation of 
the cationic cluster [Ca3(µ2-Me3TACD)3(µ3-H)2]
+. This trimeric cation is observed as 
the only calcium hydride species in various reaction mixtures, disregarding the nature 
of the counteranion. Hence, it must be thermodynamically favored over other 
oligomers or neutral hydride complexes. Use of H2 as hydrogenation agent results in 
the formation of a product mixture, which contains several calcium hydride species. It 
is proposed that during the reaction with H2 extremely active species are formed (e.g., 
neutral RCaH) which then undergo decomposition reactions, such as the observed 
cleavage of the Me3TACD ring. 
The observation of a [Ph3SiH2]
− anion in the solid state as well as in solution is 
important with respect to mechanistic considerations. Hypervalent hydridosilicates 
with four or five hydrocarbyl groups have been considered as reactive 
intermediates,[23] which have been observed in the gas phase or as dynamic species.[24] 
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In the developing field of organoalkaline earth metal chemistry, the proposed activity 
of hypervalent hydridosilicates in catalysis is more plausible with a structurally 
characterized example at hand. However, the role of [Ph3SiH2]
− in the formation of 47 
or its importance for catalytic applications is unknown. 
Apparently, soluble calcium hydride species act as redox active species that allow 
for H2 elimination and stabilization of ketyl radicals. The present studies do not allow 
for mechanistic conclusions and the formation of the diradical complex 
[Ca(OC13H8)2{(Me3TACD)H}] (51) from isolated hydride complex 47 demands for 
further investigations on this redox behavior.  
 
B.5.4. Experimental Section 
Reaction of bis(allyl)calcium with PhSiH3 or Ph2SiH2, in situ formation of 
PhSiH(C3H5)2 or Ph2Si(C3H5)2 and conversion with 9-fluorenone. To a solution of 
bis(allyl)calcium (15 mg, 0.12 mmol) in [D8]THF (0.3 mL) a solution of the 
corresponding silane (PhSiH3: 13 mg, 0.12 mmol; Ph2SiH2: 23 mg, 0.12 mmol) in 
[D8]THF (0.3 mL) was added. NMR analysis revealed quantitative conversion of all 
reactants to give the allylated silanes PhSiH(C3H5)2 and Ph2Si(C3H5)2, respectively. A 
very broad signal at 3.88-4.78 ppm was attributed to [CaH2(L)n]m. Both allylated 
silanes have been reported.[17] To the reaction mixtures, solutions of 9-fluorenone 
(44 mg, 0.24 mmol) in [D8]THF (0.1 mL) were added. An instant color change from 
yellow to black and gas evolution was observed. No conclusive NMR data can be 
given for the proposed ketyl complex 46. 
 
[Ca3(Me3TACD)3(µ3-H)2][Ph3SiH2] (47). To a suspension of 16 (30 mg, 0.05 mmol) 
in THF (0.5 mL) a solution of Ph2SiH2 (21 mg, 0.11 mmol) in THF (0.5 mL) was 
added. A slow color change to red and gas evolution were observed. After 3 h all 16 
has been consumed and the reaction mixture was placed in the freezer (−35 °C). The 
product was isolated as yellow, plate-like single crystals by decantation, washing with 
pentane and drying under reduced pressure (11 mg, 0.011 mmol, 32%). 1H NMR 
(400.1 MHz, [D8]THF): δ = 1.90-2.45 (br m, 18H, CH2), 2.20 (s, 9, NCH3), 2.45-2.90 
(br m, 24H, CH2), 2.54 (s, 18H, NCH3), 2.95-3.20 (br, 6H, CH2), 3.99 (s, 2H, CaH), 
5.95 (s, 2H, Ph3SiH2), 6.91 (tt, 3H, 
3
JHH = 7.1 Hz,
 4
JHH = 1.6 Hz, 4-CH
Ar), 6.99 (t, 6H, 
3
JHH = 7.2 Hz, 3,5-CH
Ar), 8.12 (dd, 6H, 3JHH = 6.8 Hz, 
4
JHH = 1.5 Hz, 2,6-CH
Ar). Due 
to low solubility, no 13C NMR data are given. 
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Catalytic Hydrogenation of 1,1-Diphenylethylene (DPE). A solution of DPE 
(6.5 mg, 0.036 mmol) in [D8]THF (0.5 mL) was added to a suspension of 47 (7 mg, 
6.8 µmol) in [D8]THF (0.1 mL). All starting materials dissolved and a color change 
from colorless to deep red was observed. 1H NMR analysis showed the absence of 
[Ph3SiH2]
− resonances, whereas resonances for [Ca3(Me3TACD)3(H)2]
+ were still 
observed. Three additional species were identified from the reaction mixture: 48, 
diphenylethane, and Ph3SiH. Note that the signal pattern of 48 consists of the cationic 
part of 47 and resonances for 1,1-diphenylethanide [C(Ph)2Me]
−, owing to proposed 
separated ion pairs for 48. 1H NMR data for 1,1-diphenylethanide have not been 
confirmed by 13C or multidimensional NMR spectroscopy but are in agreement with 
those observed for 1,1-diphenylethanide in [Ca{C(Ph)2Me}(Dipp-nacnac)(THF)].
[15c] 
The reaction mixture was degassed and treated with H2 (1 bar). No catalytic 
production of diphenylethane was observed at 25 °C and 50 °C. At 60 °C, complete 
conversion of DPE was observed within 13 d. The maximum concentration of 
diphenylethane was observed after 25 d at 60 °C. This indicates kinetic inertness of the 
intermediates. During the course of the reaction, an additional signal pattern was 
observed, which was assigned to the 2,2-diphenylethanide calcium complex 50. 
Diphenylethane: 1H NMR (400.1 MHz, [D8]THF): δ = 1.60 (d, 
3
JHH = 7.3 Hz, 3H, 
CH3), 4.13 (q, 
3
JHH = 7.3 Hz, 1H, CH), 7.21 (m, 10H, CH
Ar). 
48: 1H NMR (400.1 MHz, [D8]THF): δ = 1.90-2.45 (br m, 18H, CH2), 2.20 (s, 9H, 
NCH3), 2.45-2.90 (br m, 24H, CH2), 2.54 (s, 18H, NCH3), 2.73 (s, 3H, Ph2CCH3), 
2.95-3.20 (br, 6H, CH2), 3.99 (s, 2H, CaH), 5.43 (dt, 
3
JHH = 7.8 Hz, 
4
JHH = 1.1 Hz, 2H, 
4-CHAr), 6.27 (dd, 3JHH = 6.8, 8.8 Hz, 4H, 3,5-CH
Ar), 6.80 (dd, 3JHH = 8.8 Hz, 
4
JHH = 
1.0 Hz, 4H, 2,6-CHAr). 
50: 1H NMR (400.1 MHz, [D8]THF): δ = 1.90-2.45 (br m, 18H, CH2), 2.20 (s, 9, 
NCH3), 2.33 (d, 
3
JHH = 7.4 Hz, 2H, CH2CHPh2), 2.45-2.90 (br m, 24H, CH2), 2.54 (s, 
18H, NCH3), 2.95-3.20 (br, 6H, CH2), 3.99 (s, 2H, CaH), 4.24 (t, 
3
JHH = 7.5 Hz, 1H, 
CH2CHPh2), 5.52 (tt, 
3
JHH = 6.8 Hz, 
4
JHH = 1.1 Hz, 2H, 4-CH
Ar), 6.44 (dd, 3JHH = 6.9, 
8.9 Hz, 4H, 3,5-CHAr), 6.83 (dd, 3JHH = 8.8 Hz, 
4
JHH = 1.0 Hz, 4H, 2,6-CH
Ar). 
 
Reaction of 47 with 9-fluorenone and isolation of [Ca(OC13H8)2{(Me3TACD)H}] 
(46·{(Me3TACD)H}, 51). To a suspension of 47 (8.0 mg, 7.8 µmol) in [D8]THF 
(0.2 mL) a solution of 9-fluorenone (10 mg, 55 µmol) in [D8]THF (0.3 mL) was 
added. A color change to black was observed. In situ 1H NMR data of the reaction 
mixture showed the absence of [Ca3(Me3TACD)3(H)2]
+ and [Ph3SiH2]
− protons but the 
presence of H2. Number and shape of the remaining signals did not allow for a detailed 
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analysis. Within hours, black single crystals were formed. X-ray structure analysis 
revealed the crystals to consist of [Ca(OC13H8)2{(Me3TACD)H}] (51). NMR analysis 
of the crystalline product failed due to inconclusive signals of low intensity. 
 
Reaction of [(Me3TACD)Ca(C3H5)]2 with PhSiH3. A solution of PhSiH3 (7.0 mg, 
65 µmol) in [D8]THF (0.3 mL) was added to a suspension of [(Me3TACD)Ca(C3H5)]2 
(16, 18 mg, 31 µmol) in [D8]THF (0.3 mL). Within 4 h the solution turned red and 16 
dissolved with concomitant gas evolution. 1H NMR analysis revealed the presence of 
[Ca3(Me3TACD)3(H)2]
+ together with small amounts of [Ph3SiH2]
−. The aromatic 
region displayed various species and few low intensity resonances were observed 
between ca. 4.5 and 6.5 ppm. The highfield region showed unknown resonances of 
low intensities between ca. 0.8 and 1.6 ppm. 
 
Reaction of [(Me3TACD)Ca(C3H5)]2 with Ph3SiH. A solution of Ph3SiH (13 mg, 
50 µmol) in [D8]THF (0.3 mL) was added to a suspension of [(Me3TACD)Ca(C3H5)]2 
(16, 14 mg, 24 µmol) in [D8]THF (0.3 mL). During the following 48 h the solution 
turned red and 16 partly dissolved. 1H NMR analysis revealed the presence of 
[Ca3(Me3TACD)3(H)2]
+ together with small amounts of [Ph3SiH2]
−. The aromatic 
region displayed various species and few low intensity resonances were observed 
between 4.5 and 6.5 ppm. Unknown resonances of low intensities between ca. 0.8 and 
1.6 ppm were observed. After 48 h a second portion of Ph3SiH (13 mg, 50 µmol) was 
added to the reaction mixture. This resulted in complete conversion of the precursor 
16.  
 
Attempted Synthesis of a Calcium Hydride Complex from CaH2 and 
(Me3TACD)H. a) A solution of (Me3TACD)H (26 mg, 0.12 mmol) in [D8]THF 
(0.5 mL) was added to CaH2 (5 mg, 0.12 mmol). After 1 d at 25 °C, and 3 d at 55 °C, 
no conversion was observed. b) A solution of (Me3TACD)H (153 mg, 0.71 mmol) in 
THF (2 mL) was added to CaH2 (30 mg, 0.71 mmol). After addition of 8 mL toluene, 
the flask was fitted with a reflux condenser and heated to 130 °C. After 7 d all solvent 
was removed under reduced pressure and the residue was treated with [D8]THF 
(0.5 mL). NMR analysis showed the presence of (Me3TACD)H and no indications for 
the formation of a calcium hydride complex. 
 
Attempted Synthesis of a Calcium Hydride Complex with LiAlH4 or LiEt3BH. To 
a suspension of [Ca(Me3TACD)(C3H5)]2 (16) (10 mg, 17 µmol) in [D8]THF (0.5 mL), 
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2 equivalents of the corresponding hydride were added (LAH: 1.3 mg, 34 µmol; 
LiEt3BH: 34 µL of a 1 M solution in THF, 34 µmol). NMR analysis showed no 
conversion within one day. 
 
Attempted Synthesis of a Calcium Hydride Complex with H2. A suspension of 
[Ca(Me3TACD)(C3H5)]2 (16) (15 mg, 0.025 mmol) in [D8]THF (0.5 mL) was 
degassed and treated with H2 (1 bar). 16 slowly dissolved and a gradual color change 
to purple was observed. Within 1 h in situ NMR analysis showed the formation of 
propene, non-coordinating (Me3TACD)H and at least six singlets, which were 
attributed to calcium hydride complexes (δ = 3.97, 3.99, 4.02, 4.06, 4.11, 4.14 ppm). 
After 24 h considerable amounts of propane and vinyl-terminated ring degradation 
products (multiple dd at ca. 6.2 ppm) were observed in the 1H NMR spectra. Increased 
amounts of CaH were evident by an increase of the abovementioned resonances 
around 4 ppm. 
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C. SUMMARY 
 
The main objective of the present work was to investigate the preparation, solid state 
and solution properties of allylcalcium compounds as well as their fundamental 
reactivity. The scope of applications in stoichiometric and catalytic reactions had to be 
evaluated.  
In Chapter B.1., homoleptic bis(1-alkenyl)calcium complexes (I-IV, Scheme C-1) 
are generated from metathesis reactions of the potassium precursors with CaI2. 
Characterization of complexes I-IV in solution and in the solid state shows π-bound 
allyl ligands to be present for each individual compound. Unsymmetrically substituted 
1-butenyl and 1-hexenyl ligands show a preference for the endo configuration. This 
preference is less pronounced for calcium complexes in comparison to the 
corresponding potassium complexes. Bis(allyl)calcium reacts with CO2 to yield 
calcium but-3-enoate. Substituted 1,5-hexadienes are obtained from C−C coupling 
reactions of complexes I-IV with I2 (Scheme C-1). 
 
Scheme C-1. Preparation of bis(1-alkenyl)calcium complexes (I-IV) from propene (I: 
R1 = R2 = H), 1-butene (II: R1 = H, R2 = Me), isobutene (III: R1 = Me, R2 = H), 1-hexene (IV: 
R1 = H, R2 = nPr) and subsequent formation of substituted 1,5-hexadienes from reactions of 
I-IV with I2.  
In Chapter B.2., the coordination of polydentate macrocycles to bis(allyl)calcium is 
demonstrated. The complex formation with (aza)crown ethers is rapid and results in 
adducts of low solubility in THF. The Brønsted basicity of the allyl ligand in adducts 
V and VI (Scheme C-2) is illustrated by deprotonation reactions in solution at ambient 
conditions. These ether degradation reactions do not proceed in a stoichiometric 
fashion and yield product mixtures of vinyl-terminated alkoxides and amides (Scheme 
C-2). At low temperature, the adduct [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] (VI) is 
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isolated. It is a rare example of a σ-bound allyl ligand coordinated at the calcium 
center.  
 
 
Scheme C-2. Reaction of bis(allyl)calcium (I) with macrocyclic ligands and subsequent 
decomposition by ring degradation. E = O (n = 0-4), N(Me) (n = 0-2). 
 
In Chapter B.3., the formation of monocationic allylcalcium complexes VII and 
VIII is shown (Scheme C-3). Generation of such compounds is possible via protolysis 
with Brønsted acidic ammonium borates or with Lewis acids BPh3, B(C6F5)3, and 
Al(CH2SiMe3)3. The use of fluorinated Brønsted or Lewis acids allows for C−F bond 
activation and induces decomposition of monocationic calcium species VII and VIII. 
Isolation of products containing allylcalcium monocations is hampered by rapid 
Schlenk equilibration and bis(allyl)calcium and salt-like calcium borates or aluminates 
are obtained. Polymerization of 1,3-butadiene, but not ethylene, can be achieved with 
bis(allyl)calcium. In situ generated cationic allylcalcium compounds VII are found 
inactive in the polymerization of 1,3-butadiene and ethylene. 
 
 
Scheme C-3. Formation of monocationic allylcalcium complexes VII and VIII from reactions 
of bis(allyl)calcium (I) with Lewis acids (ER13 = BPh3, B(C6F5)3, Al(CH2SiMe3)3) or Brønsted 
acids ([NR23H][B
3R4] ; NR
2
3 = NEt3, PhNMe2; R
3 = Ph, C6F5). 
 
Chapter B.4. shows the distinct reactivity of bis(allyl)calcium towards pyridine and 
furan derivatives (Scheme C-4). Reactions with pyridines are predefined by their 
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substitution pattern. This leads to the isolation of dearomatized and 4-allylated 
carbometalation products (IX) in the absence of methyl groups in α or γ position to the 
nitrogen atom. If methyl groups are present at these positions, C(sp3)−H bond 
activation occurs to yield calciated products (X) under concomitant release of propene.  
 
 
Scheme C-4. Reactions of bis(allyl)calcium (I) with pyridine derivatives and furan to yield 
allylated carbometalation products IX, C(sp3)−H bond activation products X, C(sp2)−H bond 
activation product XI, and a metalated furan intermediate XIII.  
 
Activation of the C(sp2)−H bond in 2-position is observed for 4-tert-butylpyridine to 
give the ring-metalated product XI. With few exceptions, the products from reactions 
of bis(allyl)calcium with pyridine and derivatives were isolated in high to quantitative 
yields. Furan derivatives show less clean reactions with bis(allyl)calcium. Whereas in 
some cases small amounts of metalation (XII) or isomerization products are observed, 
the reactions ultimately lead to insoluble products. A polymeric nature is proposed for 
the latter. 
Chapter B.5. describes reactions of bis(allyl)calcium with phenylated silanes, 
LiAlH4, LiEt3BH, and H2 and the formation of calcium hydride complexes. Reaction 
of [Ca(Me3TACD)(C3H5)]2 (V) with Ph2SiH2 allowed for the isolation of the cationic 
hydride complex [Ca3(Me3TACD)3(H)2][Ph3SiH2] (XIII ,Scheme C-5).  
 
Summary 
 
 128   
 
Scheme C-5. Preparation of [Ca3(Me3TACD)3(H)2][Ph3SiH2] (XIII) from reaction of 
[Ca(Me3TACD)(C3H5)]2 (V) with Ph2SiH2. 
This compound contains a hypervalent hydridosilicate and constitutes the first 
cationic hydride complex of calcium. The cationic trimer is found to be exceptionally 
stable. Its formation is observed in the reaction mixtures of [Ca(Me3TACD)(C3H5)]2 
(V) with Ph3SiH and PhSiH3. In the same reaction, hydride sources LiAlH4 and 
LiEt3BH are unreactive. The use of H2 as hydrogenation agent leads to a mixture of 
products, including soluble calcium hydride species. Observation of propane and 
cleavage of the (Me3TACD)
− macrocyclic ligand suggest the intermediacy of highly 
reactive species.  
 
Scheme C-6. Catalytic hydrogenation of diphenylethylene with isolated hydride complex XIII. 
 
Isolated hydride complex XIII catalyzes the hydrogenation of diphenylethylene with 
H2 under mild conditions. 
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D. APPENDIX 
D.1. GENERAL EXPERIMENTAL CONSIDERATIONS 
All operations were performed under an inert atmosphere of argon using standard 
Schlenk-line or glove box techniques, unless otherwise noted.  
Solvents and Other Reagents. Deuterated solvents and 1-hexene were distilled 
under argon from sodium/benzophenone ketyl prior to use. All other solvents were 
purified using a MB SPS-800 solvent purification system. CDCl3 and D2O were used 
as purchased from Sigma-Aldrich. KOtBu was dried under reduced pressure at 40 °C. 
Solutions of LinBu and LiEt3BH were used as purchased. CaI2 (> 99.99%) was used as 
received from Sigma-Aldrich. Suspensions of CaI2 in THF have been stirred for at 
least 2 h prior to use. Pyridine, furan and all derivatives were dried over CaH2. 
Fluorinated boranes and borates were used as purchased from Boulder Scientific. 
Gaseous Olefins. Gaseous olefins were condensed on molecular sieves (4 Å) before 
condensation into the reaction vessels. Ethylene (purity: 3.5) was used as purchased 
from Praxair.  
NMR. NMR spectra were recorded on a Bruker Avance II 400 MHz spectrometer 
(1H, 400.1 MHz; 13C{1H}, 100.6 MHz) or on a Varian Mercury 200 MHz at ambient 
temperature unless otherwise stated. Chemical shifts for 1H and 13C{1H} NMR spectra 
were referenced internally using the residual solvent resonances and reported relative 
to tetramethylsilane.  
Metal Titration. General procedure for metal titration: 10-30 mg of the product 
were dissolved in 0.5-1 mL of THF and hydrolyzed by slow addition of water. After 
addition of 1-2 mL of aqueous ammonia solution (25%) the total volume was 
increased to 20-30 mL by addition of water. An indicator buffer tablet was dissolved 
and titrated with a 0.01 M solution of EDTA disodium salt until the transition point 
from red to green was observed. 
X-Ray Structure Analysis. Crystallographic data were collected by Prof. Ulli 
Englert and members of his group on a Bruker AXS diffactometer equipped with an 
Incoatec microsource and an APEX area detector using Mo-Kα radiation (graphite 
monochromator, λ = 0.71073 Å) using ω scans. The SMART program package was 
used for data collection and unit cell determination; processing of the raw frame data 
was performed using SAINT and SADABS; absorption correction was applied with 
Mulabs as implemented in the program system PLATON. Structures were solved by 
direct methods and refined against F2 using all reflections with the SHELXL-97 
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software as implemented in the program system WinGX. All crystal structures were 
refined by Dr. Thomas P. Spaniol or Thomas S. Dols.  
GPC. Molecular weight determinations of polymers were performed on an Agilent 
1100 Series at 25 °C in THF, calibrated with respect to polystyrene standards, and 
detected by RI and UV detectors. 
GC/MS. GC/MS analysis was performed on a Shimadzu GCMS – QP 2010 plus. 
DSC. DSC measurements were performed on a Netzsch 204 Phoenix. 
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D.3. INDEX OF COMPOUNDS 
 
                                                           
1 [K(C3H5)] 
2 [K(C3H4-1-Me)] 
3 [K(C3H4-2-Me)] 
4 [K(C3H4-1-nPr)] 
5 [Ca(C3H5)2] 
6 [Ca(C3H4-1-Me)2(THF)0.15-0.25] 
7 [Ca(C3H4-2-Me)2(THF)0.25-0.75] 
8 [Ca(C3H4-1-nPr)2(THF)0.15-0.25] 
9 [Ca(C3H5)2(triglyme-κ
4)] 
10 [Ca(C3H4-1-Me)2(triglyme-κ
4)] 
11 [Ca(C3H4-2-Me)2(triglyme-κ
4)] 
12 [K(CH2SiMe3)] 
13 [Ca(CH2SiMe3)2(THF)] 
14 [Ca(η1-C3H5)(η
3-C3H5)(18-crown-6)] 
15 [Ca{OC2H4(OC2H4)nOCHCH2}2] 
16 [Ca(Me3TACD)(η
3-C3H5)]2 
17 [Ca(Me3TACD)(NC5H5-4-C3H5)] 
18 [Ca(C3H5)2(Me4TACD)] 
19 [Ca(η3-C3H5)][BPh4] 
20 [Ca][BPh4]2 
21 [Ca(18-crown-6)(THF)2][BPh3(η
1-C3H5)]2(THF)3 
22 [Ca(η3-C3H5)][BPh3(η
1-C3H5)] 
23 [Ca(Me3TACD)][BPh3(η
1-C3H5)] 
24 [Ca(THF)6][Al(CH2SiMe3)3(η
1-C3H5)]2 
25 [Ca(η3-C3H5)][Al(CH2SiMe3)3(η
1-C3H5)] 
26 [Ca(η3-C3H5)][B(C6F5)4] 
27 [Ca(NC5H5-4-C3H5)2] 
28 [Ca(NC5H5-2-C3H5)2] 
29 [Ca(NC5H4-3-Me-4-C3H5)2] 
30 [Ca(NC5H3-3,5-Me2-4-C3H5)2] 
31 [Ca(4,4’-(C3H5)2-(C10H8N2)] 
32 [Ca(NC13H9-9-C3H5)2] 
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33 [Ca(NC9H7-4-C3H5)2] 
34 [Ca(NC9H7-2-C3H5)2] 
35 [Ca(NC9H7-1-C3H5)2] 
36 [Ca(2-CH2-C5H4N)2] 
37 [Ca(NC5H4-2-Me-4-C3H5)2] 
38 [Ca(NC5H4-4-Me-4-C3H5)2] 
39 [Ca(4-CH2-C5H4N)2] 
40 [Ca(2-CH2-C5H3N-6-Me)2] 
41 [Ca(NC5H3-2,6-Me2-4-C3H5)2] 
42 [Ca{2,6-(CH2)2-C5H3N}] 
43 [Ca(NC5H4-4-tBu-2-C3H5)2] 
44 [Ca(NC5H4-4-tBu-4-C3H5)2] 
45 [Ca(2-C5H3N-4-tBu)2] 
46 [Ca(OC13H8)2] 
47 [Ca3(Me3TACD)3(H)2][Ph3SiH2] 
48 [Ca3(Me3TACD)3(H)2][C(Ph)2Me] 
49 [Ca3(Me3TACD)3(H)2][Ph3Si] 
50 [Ca3(Me3TACD)3(H)2][CH2CH(Ph)2] 
51 [Ca(OC13H8)2{(Me3TACD)H}] 
